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NOTATION

A constant for the Beattie-bridgeman equation of state,
(see Table 1, Equation [1.8])

A constant for the constant pressure heat capacity equation for the
ideal state (see Table 1)

A constant for the Beattie-Bridgeman equation of state (see Table 1,
Equation [1.8])

A constant for the Beattie-Bridgeman equation of state (see Table 1,
Equation [1.8])

A constant which characterizes the adiabatic compression of the
liquid

A constant for the constant pressure heat capacity equation for the
ideal state (see Table 1)

A constant for the Beattie-Bridgeman equation of state (see Table 1,
Equation [1.8])

A constant for the Beattie-Bridgeman equation of state (see Table 1,
Equation [1.8])

Sound speed in the undisturbed liquid

Instantaneous specific constant pressure heat capacity of the gas
inside the bubble

Instantaneous specific constant pressure heat capacity of an ideal
gas inside the bubble

Instantaneous specific constant volume heat capacity of the gas
inside the bubble

Instantaneous specific constant volume heat capacity of an ideal gas
inside the bubble

Instantaneous isentropic sound speed in the liquid at the cavity
wall

A constant for the constant pressure heat capacity equation for the
ideal state (see Table 1)

A constant for the constant pressure heat capacity equation {or the
ideal state, (see Table 1)
Instantaneous specific enthalpy of the liquid at the cavity wall

A constant which characterizes the adiabatic compression of the
liquid

General liquid pressure
Pressure in the undisturbed liquid; ambient pressure
Instantaneous pressure of the gas inside the sphere

iv




Initial pressure of the gas inside the sphere

Instantaneous radius of the imploding sphere

RS .

The gas constant
Initial radius of the imploding sphere

Specific entropy of the gas inside the bubble

Time

Instantaneous temperature of the gas inside the bubble

Instantaneous specific internal energy of the gas inside the bubble

Instantaneous velocity of the bubble wall

Instantaneous specific volume of the gas inside the bubble
Initial specific volume of the gas inside the bubble

c
Ratio of specific heats,-EB, for the gas
v

Liquid density
Density of the undisturbed liquid




ABSTRACT

‘:‘%{gg&%ﬁ«sa A W

Two methods are presented for calculating the in-
stantaneous pressure, velocity, acceleration, and radius
associated with the collapse of a spherical gas-filled
cavity in an infinite compressible liquid. One is based
on the ideal gas law, the other is based on the Beattie-
Bridgeman equation of state for the gas inside the cavity.
In most cases the latter assumption must be restricted
to reiatively mild implosions. The good agreement be-
tween the two methods serves to verify their validity.

Included are listings of the two Fortran IV computer
programs used to obtain numerical results of the analyses
based on the ideal and Beattie-Bridgeman gas models. The
influence of several different gases, initial internal
gas pressures, and liquids on the collapse is studied.

On the basis of explanations of the resulting behavior,
new methods of producing similar behavior are discussed.

o R
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INTRODUCTION

Due to their low density and high compressive strength under hydro-
static loading, spherical glass shells have a promising application in the
design of deep submergence vehicles.l’2 However, due to the nature of
fracture of glass shells, the underwater environment created by their
failure (implosion) at great depths is very similar to that of an underwater
explosion. Consequently, the effects of an imploding glass sphere on
neighboring objects, especially other hollow glass spheres, must be given
careful consideration if hollcw glass spheres are ever to be at all suitable
for all-depth vehicles. Because the sequence of events associated with the
failure of a single glass sphere in a free liquid field can be very closely
represented by a gas bubble implosion, the latter is of primary interest,

In this paper, an extensive theoretical investigation of the free-field
implosion of a spherical gas-filled cavity in liquid is presented. This
paper is intended to supplement a previous paper on the subject.3

1References are listed on page 75,
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THEORY

EQUATIONS GOVERNING BUBBLE WALL
MOTION

Gilmore4 has derived an ordinary, second-order, nonlinear differ-
ential equation which relates the instantaneous pressure of the gas inside
a collapsing (nonmigrating) spherical cavity in an infinite compressible
liquid to the instantaneous radius of the cavity. Briefly, the equation
is obtained by employing the Kirkwood-Bethe hypotehsis5 and basic fluid
flow relations to solve the spherical wave equation. The details of the
derivation can be found in Gilmore's report.

If R represents the instantaneous radius of the cavity, P the in-

stantaneous pressure of its boundary, and t, time, Gilmore's equation is

2 2
4R (; 1dr), 3 18
Rdtz(]'c t/*2 dt) (1‘3Cdt)
) LaRy  RaH (1 de)
‘“(l*c t)‘Cdt 1 -Cat 11.1]

C is the local instantaneous isentropic sound speed in the liquid at the
cavity wall,
C=ec (P+B )(n-l)/Zn [1.2]
= —_—-P,,“B- x4
and H is the local instantaneous specific enthalpy of the liquid at the

cavity wall,

H

n(pwoﬂ) [ +B )(ﬂ-l)/" ] (1.3]

" n-1e, Wps -1

¢, p,» and o denoted the sound speed, pressure, and density, respectively,
associated with the liquid when it is in the undisturbed state. B and n

are constancs (for water B = 3,000 atmospheres, n = 7) in the formula: i

n
+B o
%jv . (3‘;) (1.4]
which closely fits the isentropic compression curve for the pressure p and

density o of sany liquids. (Except for very large or very small (cavitation)




bubbles, isentropic hypothesis for the liquid is justified, because
the event occurs so quickly that there is little time for appreciable
heat exchange to take place.)

For t > 0, the pressure P of the liquid at the cavity wall will be
the same as the pressure of the gas inside the cavity provided the pressure
of the gas is uniform throughout the cavity and the effects of surface
tension and viscosity of the liquid are negligible.

The three Equations [1.1] to [1.3] establish one differential re-
lationship between R(t) and P(t). But this alone is not sufficient to
determine the behavior of the bubble, so another relationship is sought,

By assuming that the gas inside the bubble obeys some thermodyvnamic equation
of state and that the charge in specific entropy across the bubble wall is
negligible throughout the collapse (for the same reason that an isentropic
process in the liquid was assumed), it is possible tc find two independent
relationships between the pressure, temperature, and specific volume
(proportional to %’nRS) of the gas. These two relationships, taken with
Equations [1.1] to [1.3) and appropriate initial conditions from a determinate
system of equations which can be solved numerically for the instantaneous
temperature, pressure, and specific volume associated with the gas inside

the cavity.

From a computational standpoint, the ideal gas law is an advantageous
choice for an equation of state, When an ideal gas behaves isentropically,
the two independent therinodynamic relations, i.e., the equation of state
and the equat:ion which describes a zero entropy change, can be readily

combined to eliminate temperature from the calculations, i.e.,

PvY = consta t = P v ' [1.5]
o o

where Y is the specifi. heat ratio, empirically determincd for most gases,
and the subscript o refrrs to some initial state. Clince the specific

volume varies as the cube of the radius,

xlcz
p

Vv .

2 - (
—_—
v

P can be determined directly as a function of R by eliminating (72) he-

(1.6]

<

tween Equations [1.5) and [1.6], yielding

3
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Bquation [1.7) and liqua tons [10] to [103] conetitute a net of similtaneous
oquat tons whose nolutton can be obtained numerivally,  Such a sadution han

in fact heen obtained for an alr bubble tn vutor."h"

and in nnu*ﬂy oX
tended to other gases and ligutds,  Results of such an extension are pre
sented luter in this paper,

A thermodynamic squation of state which {x more accurate than the
ideal gas low for gases at high pressures, but not gquite ax simple to
apply in most cason iv the Heattio-Hridgeman equation of state, In the
case of nitrogen, tor example, the Heattie Hridgeman equation is accurate
in the pressure range from one atmosphere to 15,000 ntmoaphur@s.“ except
near the critical point,

In this paper the behavior of a spherical gas-filled bubble \n a
compressible liquid will be determined numerically by assuming that the
bubble wall obeys kquations [1.1] to [1.3], that the gas inside the bubble
obeys the Beattie-Bridgeman equation of state, and that the expansion amd
compression process of the gus is isentropic (reversible and adiabatic).

Letting v, P, and T represent specific volume, pressure, and

temperature, respectively, the Beattio-Bridgeman equation is

pviarr [ven (1-3)] (- -%{) (I 2) [1.8)
v

where R is the gas constant (= 0.73032 atm fts/moleoR). The constants Ao.
Bo’ a,gbioand c, have been ¢mpirically determined for a large number of
gases, ' Values for some of these gases are listed in Table 1, Many
gases can be uniquely specified by these five constants so that the Beattie-
Bridgeman equation represents a family of equations.

If, during the collapse, no heat is exchanged between the gas and
the liquid, then each undergoes an isentropic prccess which det rmines a
mathematical relationship between v, P, and T. This relationship is inde-
pendent of the equation of state. Thermodynamically speaking, the change

in the specific entropy of the gas is zero,

ds = o [1.9]




Ntnee the proceas (o anaumed to be veveraible, o ix a function of any twae
of the state variablen I, v, amt T, and dn tn an exact dittevent jal, A
fiquation [1.¥]) will now be uned to develop a differenttal sapresaion in ?

volving 1, v, and T, Thia expreanton will be independent of Gl lmore's
equat ton and the Reattie Metdgoman syuation of atate,
Let & e a tunction of P and ¥V, (.0, !
N o= T

Then, by the hatn rule of differventiation, i for an paentropic procoss

in
e (FR) e (8) ar .o (1. 10]
LS ars,
Miltiplving through by ' and rearranging vields,
T (%}) ar - . T (g{,) ap TR
P T
But siuce
3 A
T (;%)P o [1.12)

by definition, Hquation [1.1]] becomes

N " - _t‘_’_
¢, 4T = - T (‘"’)'r ap [1.13)

Finally, by employing the Maxwell relation

Ja vV
). - - (&) (1.14]
T P
Equation [1.13] can be written as
T 12
¢, 1w T (BT)p dap (1.15]

The quantity (%%) can be calculated from the Beattie-Bridgeman Equation
p
(1.8},




The specific conntant preasure heat capavity “p van be found ex.
plivitly an a tunctton of P, vy amd T (or any two of theae, since one can
he eliminated hy moann of the equation of state), It happens that such an
eaprennton for v for A gar which obeys the Reattie Nridgeman equation
appoars (n "Chemical Frocess Prtnc!plon."" The detatin of the Jderivation
are given in Appendix A,

. ] b
FRNC I 1Y (! v -0 __1‘1) LR

v U A A (A Y
‘ B b SB. a’ v‘ o v3 ¢y v e 8y
et ven - - G%W'& VTV 2 [).10)
v v v vsT' av v T ¢ Iy v o+ A6
whero
a = fT [1.164)
&R
Hoe o A v B Rr - 12 [1.16b)
cB R

Y = sA - bB_ AT - «T-g—- [1.16c¢)
bcB R

é l—'-‘z‘q"' [1.16d)
T

a* =« R {1.16e]

- -8 R+ 2R [1.16f]
0 TS

2cB R
y' = -bBOR* 3 [1.16g)
T
. 2bcB R [1.16h]
.r3

and c? is the specific constant pre:..re heat capacity of the ideal state,

iueo,

c; <A+ 8102 o7t 1,161}




A, A, €, and O are empirically determined conntants '* which differ for
Jdiffevent gasen, Values of A, R, €, und O are given in Table | for some
genen.  lgquation [1,15) with [1.16] aubatituted constrains I, v, and T to
e on a surfuce which characterizes the adiabatic hehavior of the yaa.

The kquationa (1,10}, [1.18), |1.8], (}.1]) to [1.3], and the relaution-
ship {1.0] between v and R tahen simultancously form a detenninate system
which can be xolved numerically., The equations are rewritten here for the

reader's convenience,

2 04
JR 1 dR 3 (dRY" L 4R
Ra:’ (‘ . cdt)”) TE‘) (‘ - scm)
1dRy CRdH/ 1dR
""(“Cc)’c t(“cm) (1.1]
2l
P+B
¢ =< () -2
-1
n(p, +B) n-l
How (P*B) no [1.3]
(n-1o, [\p.*+B
3
v R
o -2
-'\;—-(R ) [1.6]
2 b £ a
Pv « RT [v + B, (1 7)] (1 - vT3) - A, (1 'V) [1.8)
av
e dT = T (57 , dp (1.15]
= B bB
ST -
P T 2v 3y
+ T BOb R 2¢cR a” V4 + B” V3 + Y~ v2 + 8°v
v+ Bo \ v —2* 3.3 3 2
v v'T av + 2BvT + 3yv+ 44
a = RT (1.16a]
7
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ch
Hom- A s B RT s [1.16b)
cb R
Y = &k - bB_RT - —;ﬁ}- (1.16¢]
beB R
6 -'j;39~ [1.16d)
a* = R (1.16e)
. 2¢ch
B° = BOR + ;3- [l.le]
2cB R
v* =~ bB, R+ -;32- [1.16g)
2bcB R
6% = - -—iril- [1.16h]
T
0 2 3
cp A+ BT+ 01« D1 [1.161]

THE INTEGRATION

In order to see more clearly how to solve the set of Equations [1.1]
to [1.16i], imagine reducing that system by means of substitution to three
equations.

The first equation can be obtained by substituting C (Equation [1.2]),
H (Equation [1.3]), and S (Equation [1.3] differentiated with respect to
time) into Equation [1.1]. The equation resulting from these substitutions
is a relationship (actually Gilmore's bubble wall equation) between R, ﬁ,

ﬁ, P, and P which can be solved explicitiy for R, i.e.,

R=¢G (R, R, P, P) [2.1]

The second equation is Equation [1.8], the Beattie-Bridgeman equation

3 3
of state, after substituting Vo (%-) for v (the substitution v = Vo (%—)
o (7

is obtained by solving Equation [1.6] for v). This new relationship be-

tween P, R, and T can be solved explicitly for T, i.e.,
T = B(R,P) [2.2)

The third equation constrains the gas to behave isentropically. To
obtain it, first use Equations [1.16a] to [1.16i] in Equation [1.16] to

8




get c_ as a function of v and T. Next substitute ¢_ = ¢_ (v,T) into
Equation [1.15). Finally, after carrying out the indicated partial dif-

forentiation with the aid of Equation [1.8], replace v in this new equation
3
by Vo (—2—) to get a differential relationship between P, R, T, i.e.,
°

c (Q(R),T) dT = T E!S;;I;!LBII) dp
p 3 P

dP = £ (R, T, P)dT [2.3]

G T A, e P i

where

The three Equations [2.1], [2.2], and [2.3] represent, respectively,
Gilmore's bubble wall equation, the Beattie-Bridgeman equation of state,
and the condition of zero entropy change in the gas (ds = 0). The functions
G, B, and f appearing in these equations, although very cumbersome, are
known functions of their respective variables.

The system of Equations [2.1] to [2.3] can be further simplified by
eliminating the variable T, temperature, between Equations [2.2] and [2.3],

L e

T = B (R,P) [2.2]

dP = £ (R,T,P)dT [2.3]
as follows: First replace T in f (R,T,P) by T = B (R,P), giving
dP = £ (R,B(R,P),P)dT

= ¢ (R,P)dT [2.4]

Using Equation [2.2] again, dT can be found in terms of P, R, dP, and dR.

Recalling the chain rule,

3B aB
dl = 3R dR + SF'dP [2.5]
IB 3B . . .
where R and 3P are known functions whicit ¢in be found in terms of P and R;

call these functions g and h, respectively.

Then
dT = g(R,P)dR + h (R,P) dP [2.6]

Now use Equation [2.6], the value of dT, in Equation [2.4] the result being,

dP = g(R,P) ¢{R,P) dR+h (R,P) ¢(R,P)dP [2.7]

9
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Dividing Equation [2.7] by dt, gives an expression for %%,

F e g®p) o®P) Rynw,p) or,p) F
or using the dot convention to represent differentiation with respect to

time,
P = g(R,P) ¢(R,P)R + h(R,P) $(R,P)P [2.8]

Solving Equation [2.8] for P, yields,

b - E(R,P) $(R,FIR
1-h(R,P} ¢(R, [2.9]

Now Equations [2.9] and [2.1] are a set of simultaneous ordinary differential
equations in which R and P are the dependent variables and t is the inde-
pendent variable.

Conceptually, Equations [2.1] and [2.9] are much easier to solve than
Equations [1.1] to [1.6] because the former set of equations is a more
compact representation. The actual solution of Equations [1.1] to [1.16i]
need not involve a direct reduction by hand to the two Equations [2.1] and
[2.9], however. Instead, this reduction can be reserved for the computer,
but the reasoning behind such a reduction process is necessary in order to
code the solution of Equations [1.1] to [1.16i] for the computer.

The numerical integration procedure, the method of Hamming, used to
integrate Equations [2.1] and [2.9], applies only to systems of first order
ordinary differential equations. Equations [2.1] and [2.9] were therefore

modified by introducing the new variable U, where

R=U (3.1]
Equations [2.1] and [2.9] then become, respectively,

Us=6 (R,U,P,P) [3.2]
and
p = 8(R,P) ¢(R,P)U
‘T-E‘(_FIR, %(R,P) [3.3]
By imposing appropriate initial conditions, Equations [3.1] to [3.3)

ars numerically soluble by the method of Hamming. The general application

10




of this method is discussed thoroughly in "Mathematical Methods for Digital ;
Computers"13 by Ralston and Wilf and is summarized briefly in a previous

papers by the writer. I

INITIAL CONDITIONS

When all the thermodynamic characteristics of the gas and liquid have
been determined, three initial conditions, R(0), U(0), and P(0), are
required for the solution of Equations [3.1] to [3.3]. The initial situation
is brought about by imagining that for all time prior to t = 0 there exists
an infinite expanse of compressible liquid uniformly compressed to some
pressure p_, and that at time t = O there suddenly appears in this liquid
a nonpulsating spherical cavity of radius R(0) filled with some quantity of
gas under a pressure Po. Such an artificially coenceived situation leads to
some physically untenable consequences. For instance, if a point in the
liquid is chosen such that it lies on the bubble wall at t = 0, then the

pressure P at that point is

By using Equations [1.1] to [1.3], Gilmore has shown that coincident with
the appearance of the bubble there will be a relatively small inward jump
in the velocity of the bubble wall, i.e., if an originally motionless gas-
filled sphere is to obey Equations [1.1] to [1.3] for all t > O then it
cannot suddenly appear without having an initial inward wall velocity at
the instant it does appear. The approximate value of this velocity jump,
ﬁ(o+), obtained from Equations [1.1] to [1.3] is (see Gilmore's report for

derivation)
. Po- oD
U(O+) = R(O*) alr

[ o

Associated with this jump is, of course, an infinite instantaneous accel-

eration of the bubble wall. In an effort to avoid the initial infinite
P -p

acceleration, one may choose 39——~EE as the initial condition for U(0) and

11




solve Equations [3.1] to [3.3] using initial conditions at t = 0, rather
than at t = 0. This is exactly the approach taken in this report, i.e.,
P -

u) = U(o,) ..32___E:L

oo - ]

THE EULERIAN VELOCITY AND PRESSURE
FIELDS IN THE LIQUID

Provided the Euleran velocity is considerably less than the sound
speed, an approximate method can be used to determine the Eulerian velocity
and pressure at any standoff (given distance from the center of the bubble)
in the liquid. The method was developed by Gilmore4 and has been used and

discussed in a previous paper3 by the writer.

RESULTS

The equations appearing in the foregoing analysis have been coded
in Fortran IV for the IBM 7090 digital computer to determin~ numerically
the behavior of an imploding gas bubble in liquid both when the gas obeys
the Beattie-Bridgeman equation of state and when the gas obeys the ideal
gas law. Comple®e Fortran IV listings of computer programs based on both
models can be found in Appendixes B and C, Data input instructions are
included. Bubble radius, velocity, and pressure time histories calculated
from these programs appear in Figures 1 to 13. Implosions involving several
types of geases at various ambient and initial internal pressures are
represented.

A comparison between the results obtained using the Beattie-
Bridgeman equation and those obtained using the ideal gas law is made in
Table 2. The influence which the kind of gas inside the bubble and its
initial pressure have upon the peak collapse pressure is summarized in
Figures 1 and 2 for depths from 100 to 20,000 feet of water. The kind of
liquid which implodes on the gas also influences the peak collapse pressure
as shown by Figure 3.

All the results can be extended to cases for spheres of any radius.
Suppose that at depth h a solution exists for a sphere with initial radius
Ro. The radius, velocity, acceleration, and pressure are known functions
of time at the bubble wall and some ztandoff in the liquid. If the initial

12 (Text continued on page 27.)
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Figure 1 - Peak Internal Bubble Pressure as a Function
of Water Depth Showing the Trend in P, for Various
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Figure 2 - Peak Internal Bubble Pressure as a Function
of Water Depth Showing th Trend in y for Various
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Figure 2 (Continued)
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Figure 2 (Continued)

PEAK PRESSURE INSIDE N PSI

3 10
W kN FEET

Figure 2d




PEAK PRESSURE INSIOE IN P8I

Figure 2 (Continued)

”)
y=10
i
&
W ’I yel 1
) S
2
r=12
ya 4
T
y~13
L L}
y~14
y=1$
y=l4é
w3 y=17
2L
104
109
P~ 16 ATH
10? 0! 0t w0
N IN FEEY
Figure 2e

23

b Mg




Figure 3 - Peak Internal Bubble Pressure as a Function of
Water D:pth Showing the Trend in n for Various Values of
B when Po = 1 atm and vy = 1.4
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radius is multiplied by A = constant, then pressure and velocity will

remain the same if radius, time, and standoff are multiplied by A and

acceleration is divided by .
DISCUSSION

Since the Beattie-Bridgeman equation accurately distinguishes be-
tween various types of gases, it provides a means for determining the in-
fluence which the type of gas originally inside the bubble has on the
collapse. In an effort to discover the nature of this influence, the
numerical analysis employing the Beattie-Bridgeman equation was carried
out for implosions of gas bubbles filled with argon, neon, helium, nitrogen,
ammonia, methane, propane, and butane. In each case the liquid was water,
the initial sphere radius was 1.5 inches, and the initial internal gas
pressure was 14.7 psi. It can be seen from Table 1 or 2 that these gases
represent values of Y ranging from 1.668 to 1.094. Results for argon,
nitrogen, anu butane are shown in Figures 4 to 7 for depths of 100, 500,
1000 and 3000 feet of water. Peak internal gas bubble pressures are given
in Table 2.

Unfortunately, the extent to which an analysis of this kind can be
carried is seriously limited. Although the thermodynamic equations, the
Beattie-Bridgeman equation, and the constant pressure heat capacity equation
of the ideal state, are representative of gases at very high temperatures
and pressures, these are quite often not as high as the values reached in
the final stages of gas bubble implosions. The range of applicability of
the thermodynamic equations depends upon the constants given for each par-
ticular gas (Table 1). Nitrogen, for which the equations are applicable
for pressures up to 15,000 atm, is the exception rather than the rule. For
example, the pressures and temperatures developed inside a gas bubble during
the final stages of collapse at a water depth of 500 feet lie outside the
range of applicability of the Beattie-Bridgeman equation when the bubbie
contains butane, propane, methane, or ammonia. At a depth of 1000 feet
the thermodynamic equations are applicable only to the bubble containing
nitrogen. In addition to not being applicable at very high temperatures and
pressures, the Beattie-Bridgeman cquation does not hold near the critical

point. In none of the cases studied, howcver, was the critical point reached.
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Nevertheless, even at relatively shallow depths, it is clear from
Figures 4 and 5 and Table 2 that the type of gas upon which the liquid im-
plodes significantly affects the pressure developed during the final stages
of implosion. Moreover, at each depth, the peak gas pressure developed in-
side the bubble is a monotone decreasing function of the value of Y for the
gas. In fact, this phenomenon is so well characterized by the value of Y,
that the behavior of an argon (Y = 1,668) gas bubble implosion, described
by the Beattie-Bridgeman model, is essentially indistinguishable from that
of a neon (v = 1.667) or a helium (Y = 1,667) implosion under the same
circumstances even though there are large differences among the Beattie-
Bridgeman constants for these gases. Aside from the practical significance,
this suggests that the ideal gas law for adiabatic behavior can be used to
determine the influence of different gases on the peak pressure of collapse.
As can be seen from Table 2, the ideal gas law agrees quite well with the
Beattie-Bridgeman equation in describing the behavior <f gases inside im-
ploding bubbles in liquid.

The ideal gas model was used not only to study the same implosions
studied by means of the Beattie-Bridgeman model, but also to extend the
results obtained with the Beattie-Bridgeman model at low depths to greater

depths. Excluding compressibility charts, the ideal gas law is the only

practical means of establishing an equation of state for gases at those
temperatures and nressures developed during implosions at great depths.
The ideal gas model can be used to extend results to 30,000 feet, but it
should be noted that these results are purely hypothetical for many gases.
Beyond those depths at which the Beattie-Bridgeman model (with constants
given in Table 1) can be applied, chemical reactions such as dissociatior
and ionization (which violate the condition of zero entropy change inside
the bubble) may be expected to have significant effects on the collapse.
The information summarized in Figures 1 and 2 is based on ideal gas be-
havior. A more detailed description of the effect of initial internal

pressure at depths of 1000 and 10,000 feet is given in Figures 8 and




cl

7500 ¢

GRS d i .

e 1an

)

L P, SATH

e ]

\\\ Y anva -

W/

\NNNL‘ /V‘<

NN\
N

L

-8 0

400

ran 000 -0

I

Ting 4 MLLIBECHDS ~%e0

Figure 8a

THAE M MLLISECONDS

Figure 8b

0

| ~reeram

STANDOPP. 2

/—P.-lnl 5000

INTERNAL SUSELF PRESEVRE ™ P

/= P » SATH

1\
A\

| 000

[~ P zsata
4

/

AN

|

P ————ta

0.4000 0 0000
TIME IN MILLISECONDS

Figure 8c¢

TINE IN MLLISECONDY

Figure 8d

Figure 8 - Comparison of 1000 Foot Water Depth Implosions of
Spheres Filled to Pressures of 1 Atmosphere and 5 Atmos-
pheres with a Gas Whose y-Value is 1.4

33

. gt

——— -




TING 14 BNLLISECONDS
TIAR IN WLL IHICONDY

Figure 9a Figure 9b

——

T T T

u',-su.

0 09900 0 060 o 12000
TIoll 1 sILLISECONDY TINE N RILLIYECONDS

Figure 9c¢ Figure 9d

Figure 9 - Comparison of 10,000 Foot Water Depth Implosions
of Spheres Filled to Pressures of | Atm and 5 Atm with a
Gas Whose Y-Value is 1.4




9* for nitrogen and initial gas pressures of 1 and 5 atmospheres. Likewise,
for an initial internal pressure of 1 atmosphere, a more detailed description
of the influence which the kind of gas inside the bubble exerts on the peak
collapse pressure is given for argon and nitrogen in Figures 10 and ll* for
water depths of 1000 and 10,000 feet.

The relationship between Y and the peak pressure developed in the
gas bubble during collapse can be roughly explained in terms of the adia-
batic compressibility of gases (the fractional change in volume of a gas

in a reversible adiabatic compression). For any gas, the adiabatic com-

5 (av)
v \apP
[

1f, for simplicity, ideal behavior (and constant Y) is assumed, then

pressibility is defined as

PvY = constant

for an adiabatic process. From this
1 dv 1(3_\4) 1

Tvap T v
Thus the compressibility of a gas undergoing a reversible adiabatic process,
such as a gas bubble collaps is inversely proportional to the value of Y
associated with the gas. Note that it is also inversely proportional to
the pressure of the gas. It follows that during the implosion those gases

with relatively large values of v are less compressible than those with

*The liquid overpressures plotted in Figures 9, 11, and 13 appear to
have superimposed upon them z very sharp spike near their peaks. Similar
sharp spikes appear in the corresponding Eulerian velocity plot. The
spikes are actually not spikes, but points at which the pressures and

velocities are multivalued. As Gilmore4 has explained, these multivalues
result from the catching up and overtaking of characteristics with other
characteristics which originated earlier at the bubble wall. The different
speeds of propagation of the characteristics are due to the changing sonic
velocity of the liquid.
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relatively small values, at the same pressure. At any given pressure, the
relatively incompressible gases (neon, argon, helium) offer more resistance
to the inrushing liquid than do the relatively compressible gases (butane,
propane). This added resistance is offered by the relatively incompressible |
gases not only in the final stages of collapse, but also in the early and
intermediate stages when even a very small decrease in the velcocity of the
inrushing liquid can greatly reduce the momentum, and thereby the pressure,
in the final stage. Because of the nature of the mechanism described above,

the peak collapse pressure can be reduced by increasing the value of vy, or,

according to the idealized equation for adiabatic compressibility, by in-

creasing the initial internal pressure of the gas inside the sphere. i
It has so far been verified that a small decrease in the compressi- §

bility of the substance inside the bubble can bring about a considerable

decrease in the peak pressure of collapse in water. This suggests a simple

solution of the sympathetic implosion problem in which the liquid pressure

field generated by the collapse of one glass sphere causes the failure and

subsequent collapse of neighboring glass spheres. A solution would be to

fill the spheres with a substance which is more incompressible than any

gas. At the same time it is desirable to obtain maximum buoyancy so that

the density of this substance should be at least comparable to that of

gases. Unfortunately, no such substance exists. All solids and liquids

are at least several orders of magnitude denser than gases. Thus, because

of minimum buoyancy considerations, it is difficult to justify glass buoyancy

spheres filled with anything other than a gas, unless weight compensation

is provided by imbedding the spheres in a suitable material considerably

lighter than water.

It is theoretically possible to decrease the peak pressure by a
method other than that discussed above. This scheme utilizes the changing
pressure and temperature inside the collapsing bubble to produce a chemical
reaction involving gases. The gaseous reaction products would indirectly
decrease the compressibility of the gas mixture by directly increasing the
pressure in one, or a combination, of the following two ways:

1. Heat may be a product of the reaction., Since no heat s exchanged
between the liquid and the gas mixture during collapse all of the heat

energy generated by the reaction would go into raising the temperature of
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the gas mixture above that to which it would normally be raised by com-
pression alone. If the number of moles of product equals the number of
noles of reactant, and if the behavior of the mixture roughly follows the

ideal gas law

Pv = nRT
then the increase in temperature must be :ccompanied by an increase in
pressure (and a slight increase in volume) to a value above that which it
would assume if there were no reaction.

2. The total number of mole. of the reacting gases may be less than
the total number of moles of gases produced. The net result would be an
increase in the total number of moles of gas mixture. Assuming that the
heat of reaction is very small, and that the mixture does not deviate

significantly from ideal behavior, i.e., if again

Pv = nRT
then the increase in the total number of moles of mixture must be accom-
panied by an increase in pressure (and a slight increase in volume) to a
vilue above that which it would assume if there were no reaction.

During an actual chemical reaction in which all reactants and

products are gases confined as in the bubble, the liberation or absorption
of heat and the increase or decrease in the total number of moles of
mixture generally occur simultaneously and tend to oppose each other to
maintain constant pressure as the reaction proceeds. It is unlikely, how-
ever, that exactly constant pressure can be maintained. Inside an imploding
gas bubble *the net result of a chemicai reaction may serve either to in-
crease or decrease the pressure above or below that whirh it would normally
be in the absence of a reaction. The reaction can then be favorable or
unfavorable in arresting the collapse.

All possible types of such chemical reactions Jall into two cate-
gories: reactions which proceed immediately (possibly explosively' to com
pletion, and equilibrium recctions in which the c¢xtent to which the reaction
proceeds is usually determined by ne temperature and pressure of the
mixture of reactants and products. [t would appear at first that equilibrium
reactions have a great advantage over explosive reactions. Since an eox-

plosion inside an imploding bubble would necessarily be triggered by the
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collapse of that bubble, the intensvity ot the explovion would be approxg
mutely the same regurdleas ot the depth ot amplosion, T the nagnitude of
that antensity were ot v orrest the amplosion of 4 bubble at a watay depth
of 10,000 teet, than at o 100 oot water depth that magnitude ot intennity
would posuibly be more devastating than a simple amplosion without an in
ternal explosion,

Folloving this reasoning, numerical caloulations wore madv‘ to Jde
termine rough'+ the behavior at a 1000 foot water depth ot collapsing

bubbles filled with N O and NO, 1o chomical oquihibrium at a tomperature

!
of S00°R to pressures ol 18, 1, and O oatmespheres,  Thya particulay
equilibrium reaction was chosen bo ause its propertios are well hnown,
About 90 percvent of the originul gas miature by weight conntsted of N:“d
which 1n tavored by low temperatures and high pressures.  The presualts
showed the reaction to be a perfect illustration of the opposing ettects of
heat of reaction and change of number of moles of mixture discu.sed pre
viously., Since NO, is favored by high temperatures and low pressures and
since the temperature and pressure of the misture were simultancously in-

creased by the compression, the NO | was tavored about as much as the N,U4.

*

The calculations were very similar to those made here Yor inert pases
except that additional eguations were necessary to determine the degree of
dissociation of N,Uy and to vorrect tor the entropy introduced inside the

bubble by the reaction. The tunctional relationship between the constant
pressure equilibrium constant for the miature and the temperature of the

mixture was based on the observations of Hudonstvnn.l9 The ainetics of the
reaction werc ignored because the equilibrium establishes itself quite
rapidly. For initial internal pressures of 1/2 and 1 atmosphe o, the peak
c¢cllapse pressure was well above that which it would normally be if there
were no reaction and it the v-value of the gas were 1.7 Nevertheless, at
an initial pressure of 2 atmospheres, the peak pressure was about 1/2 that
of an implosion involving an inert gas having a v-value of 1.7 and initial
pressure of 2 atmospheres. The validity of the equation for equilibrium
constant, however, is questionable above pressures of 2 atmospheres and

temperatures o~ 800°R. Moreover, N)U4, which comprised most of the mixture

throughout the collapsce, does not o ¢y the ideal gas law very well at the
high temperatures :nd pressures mentioned akove,
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thitortunately, however, very Little N:u* pyver lbawsw tated, wo a significant
ahitt tn the equibibrium wan not svhieved,

the valenlated reaulta punt dincunaed (0 whivh the equt Librtum
reavtion hetweeh Nu: amd N;u* vauhd met he sffectively utilized to ayveat
the tmplongon, may be typival of all equnlibrium reavtionn,  Nevertheless,
theae tentative renultx should not deter futuse tavestigation in this i
rection,

The remainder of the diavuasion ix devoted to the porstble effects
of tmmersing the apheres tn Ligquids other than water,

The three parametors o, N, and noappeavitg in the cquatfon

n

(1) () =

specify the ligutd which implodes upon the gax, Theoretically, the isen.

tropiv sound speed in the undisturbed Jiguid cun be Jdetermined from

R U\ « N
™ LTI A g D

Iy i‘\“)

Equation [1.4], t.e.,

as a function of » , B, and n so that o

\

do~s not independently specify the
liguid,  The parametor o influences only the period of collapse, not the
pressure.  This can be readily verified by substituting Ap_, where A = con.
stant, and ¥Tt for p_ and t respectively in Equations [1.1), [1.3]. Noting

that ¢ becomes ¢/ YY1, the substitutions leave btquation [1.1] unchanged.

The influence which B and n have on the peakh vollapse pressure are summar:zed

in Figure * in which the peak collapse pressures are plotted as functijons
of water depth (i.e., ambient pressure determined in every case by multi-
plying depth by the density of water). The influences of B and n are not
nearly as pronounced as those of y and Pu (Figures 1 and 2), the specific
heat ratio and initial internal pre55ure'of the gas inside the sphere, re-
spectively, It appears that decreases in the values of B and n result in
decreased peak internal bubble pressures.
A rough explanation, similar to that made for gases, can be made

for the behavior summarized in Figure 3. It is again based on adiabatic
compressibility, this time for the liquid. The adiabatic compressibility,

defined as
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v be dmmediately caloulated trom Fquation [ 1.4] with the help of the yo

lationahip

Stnce Equatsom [ 4] hax alrveady heen evaluated cor an adtabatic process,

the result (w
bdy | =‘V) - |
v dp v (hp L em

Thus the vompressibility of the liguid ts increased by a decrease in P (or
pote B kW n I terms of vompressibility, the behavior of the liquid

1% uppozite Yo that of the gas; ab increane in the compressibility of the
Viquid s associated with a decrease in poak colluapse pressurve,

In order to illustrate the above, u comparison may be made betweon
two liquids ot equal Jdensity, one of which is considerably more compressible
than the other. Shortly after the beginning of the collapse the velocity
ot the liquid at the Gubble wall for a compressible liquid is about the
samé as that for an incompressible liquid. Further away from the wall,
howover, the particle velocity of a compressible liquid will be less than
that of an incowmpressible liquid. Moreover, at a given time a greater
volume of liquid will be in motion if the ligquid is incompressible. In
fact, the liquid at a distance of about ¢_t from the bubble center (t being
time beginning at the instant of collapse) will be in motion; the incom-
pressible liquid has a larger value of ¢ than does the compressible liquid,
As a result, the total momentum of the inrushing liquid will be higher for
incompressible ligquids than for compressible liquids at the same instant in
time. As time increases, the velocity of the incompressible liquid becomes
increasingly greater than that of the compressible liquid at the same dis-
tance from the center of the bubble. In addition, increasingly more liquid
is set into motion. The result is that the total momentum of the inrushing
liquid is increasingly greater for the incompressible liquid up to bubble
minimum. The difference in the final momenta of the two liguids at the

bubble wall influences the difference in peak internal oubble pressures,
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Reoping in mind the symputhetic tmploston problem mentioned ecarlier,
the behavior described above suggests survounding buoyancy spheres with a
vory compreunible substance,  Use of such a substance, however, might lead
to a large decrease {n huoyancy at great depths,

Bguation [1.4] is o modification of the Tait ogquation of state for a
Fiquid undergoing an isentropic procoss, The wricer way unable to find the
parameters B and n tabulated for any liquids other than water., However, it
may bo posxible to obtain good estimates of their values for several hy-
drautic liquids by fitting Equation [1.4] to the compressibility data of

Hayunrd.lh'l7

SUMMARY AND CONCLUS1O0ONS

l. A complete set of equations has been derived tor the isentropic behavior

of u Boattie-Bridgeman gas.

2. A Fortran 1V computer program has been coded (soe Appendix () for the
I18M 70910 digital computer to determine the behavior of a collapsing gas

bubble in liquid when the gas obeys the ideal gas law,

3. A Fortran 1V computer program has been coded (see Appendix B) for the
[BM 7090 digital computer to determine the behavior of a col lupsing gas
bubble in ljquid when the gas obeys the Beattie-Bridgeman equation of state.

4. Results of Items 2 and/or 3 indicate that:

a. the ideal gas luw provides a reasonably accurate description of the
gas inside a collapsing bubble,

b. increasing the initial internal pressurc of the gas inside the
bubble effectively decreases the peak collapse pressure.

¢. increasing the value of y of the gas inside the bubble effectively
decrcases the peak collapse pressure.

d. decreasing the values of B and n in the equation for isentropic
compression of the liquid (Equation }.4) decreascs the peak collapse pressure
somewhat. Figures 12 and 13 demonstrate the extent to which the peak
ccllapse pressure can be reduced simply by filling the spheres with argon
at 10 atmospheres instead of air at ! atmosphere. Detailed comparisons are
made at water depths of 1000 and 10,000 feet.
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5. Tho results listed in 4 verify that the peak preasure assocliated with a
gas bubble collapse in ligquid can be decroased by decreasing the adiabatic
compressibilitv of the gas inside the bubble and/or increasing the adiabatic

compressibility of the liquid in which the bubble is immersed.

6. Tentative calculations indicate that chemical reactions might be utilized
to achieve the effect described in Item 5,

ACKNOWLEDGMENTS

Appreciation i: expressed to Mr. S. Tilliacus for his helpful
comments during the final preparation of this pape’ The writer also
wishes to acknowledge the efforts of Messrs. P. Shorrow, G. Hall, and I.

Rappaport in preparing the figures and tables. L

46




APPENDIX A
DETERMINATION OF AN EXPRESSION FOR cP = cp(v,T) FOR A
GAS WHICH OBEYS THE BEATTIE-BRIDGEMAN EQUATION OF STATL

To perform the derivation in an orderly manner it is first necessary
to determine three fundamental relations between ¢_ and <, and P, v, and T,
These relations and their derivatives can be found in the reference.s.“’14
Relationship 1: For any gas,

acv aZP
w/. T\ 2
T

aT /v

which can be derived as follows, The definition of cv is

By differentiating this equation with respect to v and holding T constant

there results
(f'f_v_) o (2 [fs
v T av J\aT T
v

The variable s is assumed to be at least a class II function (continuous
with continuous derivatives up to and including second order) with respect

to the variables T and v so that the order of differentiation may be inter-

changed.
(09, - vl ]
AR aT W\ay, T v
Using the well-known Maxwell relation
&), - 6
v /e \aT
in the previous expression yields
(35) )] -rE
v 3T L\3T - 2
T v'wy

aT
\

v




Relationship 2: For any gas,

T (&) (@)
- ¢ =T 7). (5

| v
as demonstrated below. Assume that

s =s (T,v)
By the chain rule

as as\
ds = aT) dT + (‘a'v') dv
v T

Dividing by dT and holding P constant gives

@) -(3) « (&) (@
aT p T v v T aT P

Multiplying through by T gives
3s 3s 3s IV

TG, T 6 T (@), G

aT), a1/, av /) \oT ),

This equation can be rewritten as

by virtue of the definitions

Finally, use of the Maxwell relation
), -
v T v

gives
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(BP K
aT
\'2 N

v
c -c =T(—-—)
p v BTP

Relationship 3: For an ideal gas

This can easily be shown by employing Relationship 2 and the equation of

state for an ideal gas

Pv = RT
Substitution of the value .
LA
R

and the derivatives

into Relationship 2 yields

The superscript o indicates that the variables refer to the idea! state.

1s
Now an explicit expression for (3;!> can be determined bty sub-
T

stitution of the Beattie-Bridgeman equation of state [1.8] into Relation-

ship 1, yielding

2 3 4
v v v

v

(acv) . Ta" . Ty" N T&"
T




This equation can be integrated from v = « (P = 0) to v = v along a path of
constant temperature (note that 8'", y', and &' are all functions of tem-

perature only).

ac
<‘5‘\"-V—)T dv = [C‘I(V’T)]ng ~ [CV(V’T)]V=00

"0
<

,[ T8" Y™ Té"]v
v 2v2 3v3

or

= S s _
C"’(V,T) - [CV(V’T)]V=m = - T(V + > + 2>
2v 3v

As the pressure approaches zero (volume approaches infinity) the properties
of a real gas become less distinguishable from those of an ideal gas in the
same state; in the limit, the corresponding properties are the same. If

cS(T) is the specific constant volume heat capacity of the ideal state,
‘ then

. o, _ 0

[(V(v’T)JVT‘“ = CV'\T) = CV

It is understood that cs, by definition of ideal state, depends on tem-

perature exclusively. Then




gives

_ o 1] .Y" 5"
cv-cp-R—T(V-o- 24» 3)

2v 3v

This expression for c, can be substituted into Relationship 2 after Re-
lationship 2 has been evaluated for a gas obeying the Beattie-Bridgeman

equation. The final expression is the one which appears in the text.




APPENDIX R
COMPUTER PROGRAM BASED ON 1N BEATTLE . KRIDGEMAN MODE L

e Fortran IV computer progeam RIS has been coded to determine
numevically the behavior of a collapsing gas tilted cavity in tigquid when
the ygas oboys the Beattie-Beidgeman oquation of state.  The program is
lHated on the tollowing pages. A Fortran IV or a binary deckh con be ob
tatned trom the NSRDUC Applied Mathematics Laboratory. A Fortran IV deck to
be used on oany LBM 7090 digital computer can be punched trom the listing
provided the plotting routine qpl@'l‘w is oeltminated by tollowing the in
structions on tour of the commant cards. Note that 1f these instructions

are followed, the subprogram GPLYT ang SPACES can be cac huded,
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6100 ({ ~BLTAC/2.0~-ALFAQe03I/R7.0-SORT(BLYAQ®®2/74,0¢BF YAOGALFAQ®SY/ 2T,
P0))ee(R.(/3.0))

D2CNUNMB (3, 0/7{DGUSEIIR0O)I 6. 0/7(COU*IRSRDIC(BABOLR,00BUC/TEMPQOSS3I)¢ Y,
10¢BOHLE( PRUI2HBAL/TEMRO9) )/ {DGNCRO)IIS(2.00R2)20.04BBC/TENPCOOS
20(BUBSEOPN-RBR0O/DGN=1.,0/060¢82)0D2TC NP

D2COENS LG, QCRGITEMPU/Z(DGRISIHRD)I¢12.0/7(DCO*2ORG) ¢ (-OBAN+BOHACRGEY
1ENMPU~RBC'RG/TEMPDS02)49,0/(DGOCRU IS (BBAIBAAD-KBBIBBBOCRGETENPO-ABD
200BHCIRG/TEMPOSSZ) )8 ( 2.00R2)+(RU/DGOPEIH2,00RG/DGOS 20 (BBA0+2,0000
AC/TEMPO® 93 ) =3, 00 HBBORRGC/7DGO*( BAI-2,008NC/TEMPOSSI ) ~g . 0%0NB BB *BAN
AOSRG/TENPQOCOI ) S02TENP

D2CPT0a. 308 (B,00CPHCB/ Q4002 .0¢TEMPORCPHCCH(3.0/9.,0)08243,00CPHCD
1OTEMPU®2 20 (3,0/9.0)083)402TFMP=-18,0*BBC*RG0GQ/TEMPO®SAS(],0¢B8800
20G60/72.,)~tAB0SABNHADGNRE2/3.,0)*CRATEMP = 8,00BACERAGEDGU/( TENRPORSIOR0) ¢
31 eBBHTOCGO/2.0-BBBOCEEBS0G0#02/3,0)02,00R2+1,0080B0*BBCERGEDGO®




A2/ (RCOITMPOISIIGLIA,ICDGOORUN-I V)02, 00R2:AGOC2eDGO*{BONDG] 07060~
SUPHRUIHE, DG ( 1.0 o Q0BHCONGLI/TEMPNGS I )SCPNUM/TPDENSD2TF NP3, 00RG
LOSRITEVMICACULO/RIS(BLENG . O/DGO“HBARMHUBOSDGLI®(1,042,0806008BC/TEMP

TR SIS (HNUN/CPLINE2,.DI8R24I L IORGOSQITEMPIONGA/ROG (). 0/0G0eRBROBANNS
BHGO)IE{L. ¢2.00BNCODLO/TEMPO®S 1S CPNUM/CPDENS2 (OFR2-G.OMUNCOINGOISR D
GO /7Y _MPLOO2OIRBALG L JL/70G0=PRHEORRABOIDGOIC(DRTENMP/TEMPD+2,00R2/ R0
LIGCHNUP/Z L INENSRLAS20TEMPOOCLO I HANOS L O /7DGU-BHANBAATIDGUI®(1.0¢2,0
2OABCIOGU/TEMPOTE I ) S D2CNUM/CPCEAN~CONUMODRCDIN/CODENSOR)

D2PINE G 0/ C 1A 700GUIV2¢( 8. 0PI/ IA.TSRGOORN)ITA.O0PRGEEBBOEBBCHIDGE
1902/7(VEVIQOS20RN ) =10 o0 CRGOBPUDUSHHDBEBBCIDGO I/ (TEFMPOSI2IRN )+, 0¢RC
COTEMBCOLCNCOLORALNGUSS2,RO-OOONHADOARASDLNI2/RD)IN(2.00R2 )¢ (2,00RC
JOARMLOON CRCCOU, ZTEMPOES IR~ 4, *RGPUBRNSBANSBNCIDGOE S/ TEMPOS ]

& -RGOANECOONRECICGHIIN2)SDRTENMP

DPBREN2-LICPTOZLGAQ L J40ORG/ZILDGCOSHO)I=I . OCPTIG/7(DGOAR() +I3 . 0SRGIBBHO
1PBBNGU/ HO=6,081G*DUN0CANRNCHNIGU/(ROCTEMPO®E I+ 1 2., O'RCBONOEBHDSIABCS
PDGOTO2/ (e LITENMPLIEI ) )R, 00RV4E,ICRGOAAC/TENPOSSAS (ARNDIANDIDGOS 2
1ICCBOSCLGL =L U IED/TEMY

PInQA 1 /7(0,0RMS{CIPTOG O NUPNUMIDDEN)

RASI.OMIIWR/CO((PLEB)IA(POBIINSIEN=1,0)/(2.0%EN))-2,005, 7%3.0
TERC )= (2. OVIGEQIENGIPLEB)I/U(EN=L DIPOLARACZA.0)IP{~(EN=1.0) /s ENS(PL
QoIS N=10)/ N)INIPRIBINE( 1 JUO/EN) ISR, 0008218, 00RI/COILPLEB)ZIPOE
$IIR{(EN~LeV )/ (dsUOLN) ) I4(2.07I0EAIZ{CODLOA,Q)ERICL(PLIR)/ZIPNGE) )R
A ({INMLs JZLLe0ENT)~{ Qo070 A)CPRER/Z(COOODL IS LIPLGH) Z((POB)*S,)

PR =48 ¢l 724 .J¢CPTIZ7RUCGQE( PNUM/PDEN IS Q. QORTOO 2404, 1 OPNLN/(ROOPDENS
1200 )0 (CPTCE24, SNALB . 0¢RZ2NPCPTIVL=0,C¢CRTOWRIPE2/RN)I+132.3/(12.0¢R
20ISCRTIOOR2G( ) O/PLENSD2PNUM-PNUMSDIPDEN/PDENSSD)

C CALCULATICA CF FfOUR INITIAL VALUES

LE RN E IO

RNNM 12 R0

PAN P

URAM3Ia0,.

XR{:)aS

RAN_2RC GR2IXX (210024 XR( 2)SRIGXX(2)0024XX(2)0020RAVXR(2)E02
PNMsPCIRRIXX(2)1042¢XX( 2)0P Yo XX R)GOZ2¢xR(2)¢020P4EXX(2)002
UNM a2 s JORFEXX( S I S4IeVORINXX(2)I00T¢4,00XX(2)0RQIXX(2)002
XX(3)w2, o8

ANM] ERCIRIOXX( 318024 XX( 3)ORIOXX( J}0e 24 XN (I 00 2oRAOXN(I)002
PNNVLEPOPIIXX(I)002e¢XXN( J)ePINXAX(I)ICSeXX(I)ICS20PqOXX(I) 002
UMME 32 g0 SRIOXX( J) ¢S . USRIOXX{ I NIG8244,08XX(I)ORAOXNR(I)I002
AX{a)al, s

RANSDNIRLAXX(A )00 2¢XX(QA)IRIOAX(A)IG2¢XXN(A IS8R NX(A)002
PRUPOEP XX (A1 0020XX(AIERINXX(A)0C24XX(A)0020PASXX(4)002
UNSZ (00 128XX(8) 3, 00NIXX(A)00244,08XX(A)ORATXN(Q)OS2
KKK

VNNVMASVIR(RAMI/ZRLI) 083

VAN aVOS {RAM2/RII) 08

VNMITVUS(RANMI/R )0 )

VAReVUS{RN/RC)Ie

DVNMIZ Y, SVNNMIGUNMI/ANMK]

DVAM2e 3., OUNVMROUNMI/RNMQ

UVNML1 a3, SYNNIOGUNM]L/INM]

DVNa I8 VAOUN/RN

YAMI=XTEMPIVANMIPNM]Y)

IF{TNN3I)AD]L,401,402

wWRITE(O6.49)3)

FORMATY { ,X7/7/743HITERATION FOR TEMPERATURE DOCS NOT CONVERGE)




|
!

402

406

408

[ X2

6d2

GO T 96

CONT I NG

TNM e X T MEIVAMZ  PNM )

IF(TNN2)A01,401,4006

CONT TN

TNMLaXTEMP{VNM], PNMT )

IF(TNML)A0) 44014009

CONT I NUL

TA=RVEMPR(VA,PN)

IF(INI& 1,400,080 4

CONnT IMUE

CALL BARCRA(ALPFA.FPETAGAMMA,DELTA,DALFA,DHETA DGAMMA ,DDELTA,TNNY)
CRMARSXCPHC(IVNNM S INMIJALFR HETA, GAMMA JODEL TALDALFA DBETA ,DGANMA ,DDE
1LTA)

ORAMIeXLPRAES(VNMI.DVNMI CPAARJALFAAETA,GANMADELTA,DALFADBETA,DG
LANMA,DCLLTA)

ODUNMISaXACCELIRNMILUNMAY, PNMI,DPNM )

CALL BANHRA(ALFABETALGAMMADELTA,DALFA,DRETAODGAMMA ,DDELTA,TNV2)
CPBARSRCHEHCIVAM,  TNMPALFALNETA, GAMMADEL.TADALFA ONETA ,OGAVMA,DDE
1LTA)

DANML = XUORES (VNMZ s DVNMZ s CPBAR ALFAAFTA,GAVMA ,DEL TA,DALFA,DBETA,D0G
1ANMMA  COELTA)

DURNM23XACCEL(RNMZ JUNMZ ,PNM2,DPNM2)

CALL BARPRA(ALFAHRETA,GANMA,DELTA,DALFA,DRETA DGAMMA (DDELTA,TNNV])
CPOARRXCPHC(VNME s TNMLILALFALTUETA,GAMMALOFRLTALDALFA.DOETA DGANMNADOE
1LTA)

DENMI=XOPR: »(VNM]LI ,OVYNML , CPBAR (AL FALOETA,GAVMMA ,DELTA,DALFA,DBETA,DG
1ANMA ,COeLTA)

DUNMI =X ACCEL (RNM] JUNML\PNMLDPNNT)

CALL BAINPRA(ALFABETAGANMMADELTADALFA,OBETA,DGAMMA ,DDELTA,TN)
CPRAREX(PHCIVNy INJALFAJHETAGAMMA ,DELTAJOALFADBETADGAVWMA ,DOELTA)
DANEXCPIFSIVN . DVYNJCPRARALFA,BETA,GAMMA ,DEL VA, DALFAOBETADGANMVA ,D
LLELTA)

DUNa XACCFL{RANJUN, PN, OPN)

IF{KKKK~])ED0Ll 682,087

YY{lslD)aRNWM]

YY(2.s1)aRNM2

AAAETIRREL LY B!

YY(a,1)=Rn

YY(Ls2)-LNK]3

YY(242)2UNN?

YY(Is2)TUNNM]

YY{a,2)3UN

ACC(LI)IBLUAMD

ACC(2)"LUNM2

ACC(3)3LUNN]

ACCL{A)=UN

YY(1,+3)a2PNN]

YY(2.3)2PAN2

YY(342)-PNMV]

YY(4,3)30N

TEMP(L)=INNM]

TEVP{2)XTNN2

TEMPI3I)aTANMI

TEMP(A)=TIN

ADCOMP (L )a=]1.0/HNM]
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681

389

580
we?

450
452

R1-T]

ADCOMP (2 )m=URN2/ (QINM2STANMZ )
AOCOND(l)--uh”l/(RNNIODDNNI)
ADCONMP (A ) u=yN/(RINIDPN)

PARE RN

CANRa AN

PNURUN

CNUAUN

PARa PN

CAPapPp

(I LE B

N=d

LvaD
RnAR'ﬂNN104.0‘$/3‘O‘(Q.OOUN—UNNIQZ-OOUNNZ)
UBA"JUNM!#Q.OOS/J.O'(Z-OOOUN-CUNN102.00DUNN2)
DBAN-PNVJOA.OOS/J.OO(Z.O‘DPN-CPNM|02.0¢09N~2)
KQUNTsQ

VOOM-NHAH-l12-OIIZI-OO(PNR-CNR)

MODVaVOe (NCOR/ZRU) e}
”ODU!UBAG-Il2oOll2!-O‘(DNU-CNU)
ﬂODPrPaAR~llZ.OIIEI-JO(PNF—CNP)
TBAR=XYC AP {MCDV, MODP )

IF{THARLLE 4us0)G0 T 401

DMALVY=E 3, SNODVEMODUZ/MOOR

CALL. UAR(RA(ALFA-HEIl.GAulA.DELlA-DALFA-DQETA.OGAVNA.DDELTA'TBAR)

CPOARIKCPHC(NODV.TDAN.ALFA.BETA.GA"MA-DELTA|DALFA¢DDETA.DGA”"A.DOE

ILTA)

DMOOPIXU“RES(MOOV;DNOOVoCPEAR.AL‘A.BEYA.GANNAoDELTA.DnLFA.DHEYA.DC

LANMA,COrLTA)
OMODU-XA(CEL(NOUﬁoNUDU.NDDP.DMﬂUP)
CORP:(9-JOFN-PNMZOJ.OOSQ(DMUDPQE.O*DDNquNNI))Iooo
CORU= (9, OUN-UNwZOJ.OOSO(DNUDUO?.O‘OUN-DUNN!D)I&oo
CORN:(Q.‘OPN-FNM20].O‘5.(NDDU'Z-O‘UN-UNM!))IQ.O
tF(AQS(aennnconnh~Au5(conn)on.ou-:)sae.suo.ser
IF(AOS(U:AN—CORU)-AuS(CORU!Ol.OC—3)506.567.507
RBAR*CORROQ.O/IBI-OO(RHAR-CURR)

UBAR=CONU+9,0/1¢) 40 (UBAR~CORUY)

PBARSCORM49,0/121,0%(PBAR-CORP )

KCUNT K UNT ¢

IF{ROUNT-300)%8%,589,450

WRITE(%,0%2)

FCAMAY(//7/5X +43HEHE INTEGRAT [ON ITERATION OOES NOT CUNVERGE )

GO TU 962

XX(N+L )aXX(N)+S

vv(NOA.lB-connov.OIIZI.OO(RHAR-coRQ)
VV(MQI")SCURUOJaO/I2IoO‘(UHAR-CORU)

VF=VOR(YY(N+1,1)7RO)®eD

YV(MGl.l)-CORP#&.OI!EI.OO(PBAR~CORP)

TEMPUIMG| JaXTENP(VF,YY(N+1,3))

DVF=3c SVFSYY(N+L142)/YY(N+1,s1)

CALL HAHDRA!ALFA.BEYA.GAVNA-DELfA.DlLFA.DBEfA.DGAMMA.DOELYA.YENP(N
1¢1))
CPF:XCﬂIC(Vf.TEND(NOI).ALFA-BETA-GAM“AoDELTAoDALFA.OBEYA.DGAPMA.DD
1ELTa)
uPstc"QES(VF-DVF-CPF.ALFA.BETA.GANIA.DELVA.OALFA.DOETA.DGAV"A.DDE
iLTaA)

ACC(NOI)!KICCEL(VV(NOI.I)'YY(NtigzboYVlN4loJ);DPF)

87

T il W e @t e e

A,




el e ST e

961

606

62

ADCOMPINS L )==YYIN®L1,2)17{YYIN*1,1)00PF)

NENG )

PNUsUHMA ¢

CAU=CCRY

PNR=RBA @

CNRaxCCR~®

PNPaPE AR

ChPzCCRP

RNMIZRNG

RANZ AN |

HAM] sRN

RNEYY (Neld)

UNWV S3UNM

UNMZ2 T UNMY

URNV] =UN

UNRYY(N.2)

PRNIZPNM

PNMZIPAM]

PAML 2PN

PNEYY (N, 3)

UPNW3u(PAM2

DPNM231IPNM]

DPANMI=ERN

OPNa2DPF

DUNM 3= CURNN2

ol I mwuive d

DUNMI s DUN

DUN=ACC(N)

IF(N=-99u)9¢)1 +961.962

[IF{ABSIYVY (N I)=YY(N-1¢3))=sUSQ00YY{N=~1,3))681,681,60¢

585/72.)

L Me )

RANMH2 (0, O RN J00¢RANM] ¢40 . OFRNMZ+RNM I ) 72560457126, 00(~15. 179 UNe
190+ 1 SUNNMLI+®15,00UNMD)

RINHE (L1, cOSRNSL IS 0¢RNML4L10A.00INMIRNMI) /256,0¢S5/7528.08(-3,0¢LUN
1S4, 0%UNNL427 ,0%UNM2)

UAMHE (B0 s QSUNS L I5.00UNML ¢40.D0FUNM2eUNMI) /7 258.0¢S5/7128.00(-15.,0%DUN
1490, 00CUAN]L 415, $DUNM2)

UIMHE( 12 0%UNSL IS, 00UMME 410 OSUNMZEUNM]) /256,045/712840¢(~3.0¢DUN
1-S4,00DURANLII27 1 EDUNM2)

PAMHZ (B0 OPPN+1 IS, G¢PNML 40, 0PNMIDONM3) /256,045/128.,0¢(=15,00DPN
1490, 08CHAAM1+]15, JODPNM2)
FINHE(12,00PN4135,00PNML¢108.0¢PNH2+PNMI) /256.0¢S5/128,00(~3.08DPN
1=54,20CONM1427.,u0DPNM2)

RNMI=R M}

RNNMZ = RNM |

RNV =RAMH

UNM3I=Y IMM

UNMZ=UNY]

UNM] zUGMH

PAM3I=P §M}

PNNMZ BNV |

PNM] =P4MH

GO TO 75

NK=]

SEAX(NKSL ) =XX{NK)
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nNno

[a Mol o}

437

959

73
1F
ar

108
106

70
IF
ar
NE

109

HESXX(NKe2)=XX{NKe])

XINY Jau,

XINT2aYY(NKel)@e 3054 ({SeHP)IR28YY(NK¢L 41 )8 )=(2,0050HP+HPIS2)8YY (
INK o] )08 §-SI028YY(NK¢2:,1)¢¢3)/(2,03HP8(S+HP) IISE(SOYY(NKe2,1)80]~
PISHHP IOV YIAK 4L, 1 )OS I4HPOYV(NK o1 )08 3)/7(J.00HPS{SeHP)) eS8 82

XINTISYY(RKGL o )00 0HPE( ~HPERZOYY(NK ) )80 24 (HPR$2-Se02)¢YY(NK*]L,1)
LA83eS 0t 0YY{AKS, a1 )003)/(2,0058(SIHP)ISHPL(HPEYY(NK,L)883=-{S+MHP)®
PYY(NKIL 1 )00 4vSeYVYINR®2,1)083)/(3,0¢SE(S+HP ) )aMHPES2+XINT2

XPINTI®, 2

XPINT2=X INTZ2/YY(NKS*Ll, 1 )ee)

XPINTIZXINT3I/ZYV(NKS S, L )ea]

ZI(NK)=),

LAMNE L )= (XPINT LS4 ((SEHP JO28XPINT2=(2.08SOHP+HPER2 )4 XPINTI~S382 ¢ :
LXPINY3)/Z7 (2, 08HPE(Se+HP I ICSH(SEXPINTI~(S4+HP IAXPINT2SHPOXPINTL) /(3,08 =
2HP(S#113))85862)8772,8 :

ZANKE2 )= Z(NKSI )+ (XPINT2IHPI(=+PES24XPINTI+(HPIS2-SEE2 ) e XPINT2¢S%82
1AXPINTS) (20058 (SeHP) )ORPI{HPEXPINTI-(S+HP IS XPINT2+Se¢XPINT3I) /{340
LESE(SEHD ) ) eHPRS - J2772,8

NK=Q

NKENK#)

SEHP
HPE XX (NX#] ) ~XX{NK)

XINTIaXINT2

XINT2=X[{AT3 t

XIKTISYY(AK 1 )82 30HP4( =HPIIDRYY(NK=1,]1)883¢(HP222-S462)8YY(NK,1) @® :
134S2828YY(RAK41,1)%883)/(2,0¢5¢(S+HP)ICHPI{HPUEYY(NK=],1)¢83~(5S¢P)
2YVINK ol ) 463 ISEYY(NKS L L) 883N/ (340858 (SEHP ) )eHPER2+eXINT2

XPInTlzxPINT2

APINT2=XPINT] b

XPINTIIAINT3/YY(NKeLl.1 )23 K

ZIANR+L )= T(NKE IS (AP INT2OMP o (=HP IS XD INT 14 (HPRE2a50821¢XPINT24S5¢82 8 -
LXPENT3) /7 (2.08S8(54HT) )SHPH (P EXPINTI~(S+HP ) XPINT2¢SeXPINTI )/, 2,00
PSE(SEHP) ISEPIE2)6T 7. 08

[Fink+1,tT$99)50 TU 437
0O 959 LL=i N

XX(Le)=zXx{LL)el,0E]

READ(3+73)I0EN,LTFPCRIT,TCRIT,VCRIT
FURMAT(1:32.,4715.%)

SR oG

sy

W

B

THI:> PRUGRAM 1S BEING REPRODUCEC AND USED ON A COMPUTER FACILITY
HCR THAN THAT AT NeSeReD.Ce ELIMINATE THE NEXTYT 3 CARUS

GO TO (1v4,10%50106), ICEN .
CONTINU~ )
CONT I AU

WRITU(Ge 701 IXX(L)aYY Lol Do YY{Le2)eACCIL)sYY(L+3)TEMP(L) ,ADCOMP(L)
Lo2(L)L=14n)

FORMAT (/X sF10e8+F13.8:6E15.0)

THIS PROGRAM S BEING REPRQLCUCEL AND USED ON A COMPUTER FAC Ll YY
HER THAN THAT AT NS R.DeCy FLIMINATE ALL CARNS BEGINNING WITH THFE

XT U Te, BUT NOT INCLUDINGs THE CARD CONTAINING STATEMENT NGe 109
IF{IDEN.CCe1)IGD TO 109

CONT TNV

DATA SCALEZOFNLINCARYZ

XL=z)a0

CALL SPACE(XX(N),XR,0X)

DXm2,J6 .4

Y2MAX3YY{1+2)
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Y2MINaYY(]42)
YIMAaXzYY{1,43)
ZVAXEZ(1)
ZMIN=2(1)
VO 79 E=x14N
IF(YY(le2)alLTeY:MAXIGO TO 78
Y2MAXz2yYY{(1,2)
) 78 IF(YY(142)eGToYNMINIGO TO 79
Y2V INYY(1+2)
79 IF(YY(1+3)elTeYUMAX)IGO TO 77
: YINAXYY (]43)
E 77 IF(701)LTLZMARIGO 1O 74

IVAX=2(1)
Ta JF(2(1)«GTZMINIGO TO 729
EMINTZ(I)Y
729 vaVOS(YY(I+1)/RN) 00y
1IF ((ABS(V-VCRIT) (LT (VCRITH,0%))eAND(ARS(VYY(I43)=PCRIT) LT, (PCR!
. 1780.75)) e ARD, (ARSITCRIT=-TEMP{ [} )L Ta(TCRIT*0,0%5)))IWRITE{6,69)
. 69 FORMAT(///%%X,123H THE THERMODYNAMIC STATE OF THE GAS MAY BE TOC CL
10SE TC THE CRITICAL REGION FOR IHE DFATTIE~BRIDGEMAN EQUATION TO B
2% VALID )
S CONTINU.
CALL SPATE({RCsYT.CY)
: READEST6IBTITLECI)+BTITLE(2)+BIITLE(I),ATITLE(A),BTITLE(S) 8TITLE
i 1(6) HTITLE(?)+HTITLR(S)
1 76 FORMAT(1 A6)
i READ(SePH)TITLEX( 1) o TITLEX(2) o TITLEX(I) 4 TITLEX() 4TIV EX(S),TITLEV
; LCL) o FITL AV () TITLEVII) W TITLEV(Q)TITLEV(S)
CALL GPLIT(SCALF oloenNsOeXLoXRs0susYTeNX,DY)
; CALL SPACE(Y2MAX,YT,DYT)
i Y2MIriz=Y2MIN
‘ CALL SNACE(Y2MIN,YB,0Y8)
|
i
H

YA=-YP
VY=AMAX] (DYB,DYT)
READ{Se7GITITLEV(L) o TITLEV(2) 4 TITLEV(3)TITLEV(A)TITLEV(S)

CALL GPLCT(SCALFM s20Ns0 e XL oXle¥YHB.YT,0X,0Y)
CALL SPACE(Y3MAX,YT,0Y)

| READ(S e 7o) TITLEV(1 ) TITLEV(Z2;oTITLEV(I)oTITLEVIA) . TITLEV(S)

| CALL GFLIT{SCALLs3eNs0s XL XR3QeusYToDX4DY)

i CALL SPACE(ZMAX,YT,DY)

| READ(S s 76)TITLEV( 1) TITLEVI2) JTITLEV(I)TITLEV(A)TITLEV(S)

' ‘ DG 791 NIL=4.N

791 YY(NKLsa)3Z{NKL)
CALL GPLUT(SCALL 38,40 0¢XLXRe 00 o ¥T,DX,DY)
YAMINE(, )
Y4MAX= ",
YW IR 0
YSPAX*".
. 109 00 99 [=1sn
YRErY (T, L) oYY (1,2)082/2.04YY(Lel)/CLO(YY(T4d)=PL)IS(1.0=(YY(I:3)=-FL
11702, 080LEC82) )82, TIGES
AKIRCOO L /YKS820YY (1. 1)10028YY(1,2)8(1e0=-YY([,2)802/(2.0080902))
1=Co82/7Y) oYY{(1l 41 )0(1.0=¥YY(1s2)/C)
YY(l B )sYK/Z(CHSTF IR IOYKSIZ/(COIZOSTFOe2)8(1.0-YK/{(STPBCe02)0(XK3
$882/(2. 0COBR;IO(YKSSQA/(STFe040CO84)))
YYCL ,S)I=CLOUYR/LTF-YY([:4)082/2,0)/2.0736E440L/7(2.00C082)0({VYK/STF~
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oann

1YYUL oA ) 8227200192/ ,07306E4
XXCE)=XRLE)4(STF=-YY(Lol))/Collau=YY(lo2)O®YY(Ts1)/7(C*STF))*]1,.,0€3
IF(YY(T,8) LT .YAVAX)IGCD TO 9O

YavaAXaYY(1.4) :
6 IF(YY(1.u),CT.YONIN)IGO TU €7 ;

YAMINZY I (To4) p
O7 IF(YY(T145).LT,YSMAX)GO TO 98 :

YSMAXEYY(1,5)
98 IF(YY(1.,5)GT.YHOMIN)GD TO 99

YOMINZYY ([45)
99 COATINU-
IF THIS PRUOCRAM IS BEING REPRODUCED AND USED OM A COMPUTER FACILITYY
OTHER THAN THAT AT NoSeReCeCe EL IMINATE ALL CARDS BEGINNIAG Wl TH THE
NEXT UP TUs BUY NOT INCLUDING., THE CARD CONTAINING STATEMENT NO. 1738

IF(IDENLEC,1)G0 TO 108 b

CALI. SPACE(XX(N)sXR,CX)

DX=te %D X

CALL. SPACE(YAMAX,YT,.OYT)

YAMINZ~Y4NIN

CALL SPACE(YAMIN,YB,0YD)

YB=-YB -

DYxAMLX] (EYT ,0Y()

READCS o7 JTITLEVEI) o TITLEVI2) o TITLEVII)GTITLEV(A) ,TITLEV(S)

CALL GPLITI(SCALE s8 NsOeXLIXRsYB, YT, DXDY)

CALL SPACE(YSMAX,YT.0YT)

YSMINz=Y:VIN

CALL STACE(YSVMIN,YB,DYB)

YB=.-YE

DY=AMAX i (CYB,0YT)

READIS e 76)TITLEVII )« TITLEV(2) o TITLEVII) . TITLEV(A) ,TITLEV(S)

CALL GPLET(SCALLE e SeNyOsXLeXRyYHB,YT,DX,0Y}

IF(IUEN.Qs2)GC TO 2
lv8 WRITE(L,13T)ISTF
137 FORMAT(LFL//7772 X+ A1HEULERIAN VFLOCITY AND UVERPRESSURE IN THE//21

IX,26H L LCUID AT A STANDOFF OF oFTa2:7H INCHES////718XAHTIME ;9X o} 7HE

2ULENTAN VELOCITY 46X+ 1 2ZHOVERPRCSSUREZ 13X 1 SM(MILLISECUNDS) ¢ 3X19H (1

INCAES PER SUICOND) 84X, 1SH({LES HEN SO [N)//77)

WRITC(GIIVIIXXCE)aYY (I o8)oYY(I,S),Ix1eN)
139 FURMAT(1L XoeF "Coe.oBXELZ2¢%¢8XEL12:5)

2 CONTINYG

999 STuy»

ehD

SIHFTC BARNY NCDECK, SCC

SUBIMIUT AL DARHRA(ALFABETA, GAMNMA ,DEL TADALFA-DBETA ,OGANMA ,ODELTA .
ITEWD)
CONMUA/Ar’H:.PL.m-DL.EN.C-CPNCA.CﬂhCH-CPHCC.CPHCD.BuA.BaBoBBC.BBAC
1,200

ALFASR eI 0P

DETAZ ~HUAC* IRANCRGETLVP-BHCSRS/TEMP OG22

GAVMASE: 40l QuC=reNerRHrOIRCITEMP -PBCOHRARDIRG/ IEMPSS 2
DELIASFruOeEHC IR GUORG/ TE 2P S8 2

DALFARNG

DHETASHI ' HOORG 42, VAHRCOTG/TENP 46

LOANY Au = PBAECCNI SRC*2.00BBCIDERISRG/TEMP O ,
ONELTAY-Z , 00BN HMAC, EBROSIG/TEND G

RFE TuNw

END
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T T RN TR TP L AR TR e T T TR

SIMEY(C NTH MY ACDRCX L
FUNCTIL Y AT NR(V, 1)
CONMORZAE ZRG o PL (1oL NG Co CPIMCALCHICA UBMEC  COnen MDA DN, BB JANAT
[ I ] - TREY
IENCTALY R R ARY NS TN ]
(RS2 W CHN NN B RVIN)
rYtNu-u;OlvénﬂNNO(I.O-Hﬂn(V))O'\hﬂttl-(ﬂ‘VOOlllQ.'OMnInOl\.d*nnﬁev
VidstE NP taiGORrLIVEIVINNIRUSL L ou~RRV/V) )
- ORTE MR 1 NEHUIIVIRIMIIIS L § 0=PDHR/VIIGIEMIOOZ-2 00 REVORL/ LA, *rlBAINS|
T EINE YA REE R4 L
TYERDal S P YEMIZDFTEND
"(“"Q')!.Oo L1 TR IX
) RYEmE,y,
wul T
20 1FLADY (4 MR- TTERP )= IPMPO) oLt ~4) 300, Y00, 100
00 TENOIaTT ap
10 CONVINK
200 XTEMPSYT: WF
6 RETURN
END

SIHFRTC XCHCC  NCUFCK,5C0

FURCTION RCHEHCIV o Ty ALPA META, GAMNMAGDPEL VAL DALFA ONRTALDGANNA L OOEL TA
1)

CONMUNZ A FZRG\PL IV EL BN Coa EMIICA L CPHCB  CPHCC L CRNCD VRO ,O0DR , ONC RHAC
| %] . L%}

KCPHCE 3 10770 ( COMCACCPHCROA 00T /79, 0¢CRBNHCCOIN.00T/9,0)1002¢CPHCDOIY,
LUST /04 )44 1) 40, tUHDLCRG/TOSS 10 (] (/' VIRBBIN/ZL2,00VE02)=BUMIBAND/({ 300
VR ) 1= ) (N ernUO-RBALENBL/VII(RC/VEIZ LR OSHACONRG/(VET )093 )0 IDAL
IEASVERNAICNETANVIL JIDGANMASVIS 2eDPLTAOV ) Z{ALI ASVIS I, 00NETAOVIO R
QI Q00GANNAIVIQ OLELTA)

RETUNRN
UND

SIVFTC XCPhRE NCLCECK 500
FURNCTION RCORESIV IOV iUP ALPACRETALGANMADFLTADALFA,OAFTA ,DGAVKA LD

LOELTA)

CONMMUONZAL YRGPL HJOL s AN Co CPHCA L CPECR.CPHOC CPHRCD JADAZOBH JHDC JBNAL
1 +BHUO

TeALT A/

PulA /90020 (ROSTO(VIAPROSL | 4 C+HHH/ZV)I®{ 1. 0=-BRC/LVOTS03))=BHAOSL) .
10~BNYA/ZV))

TPVNTR TS (VIRRROO{ Lot =HEBA/V) )] 0@ VBBHC/IVET0Y ) )2 {20000V /(10,7
LERGIPLOBAIIERAZ{RLIOV IO ) =T-BHRONOHANST/VIS2-0D0CORRHO/(VITI00222,001'D
2CsBUFE T AQ/s(Ves ieTee2))

COEFL1=(t. ALRASOPFTAZVIDGANMAZ/V IS 2o DDELTAZVES ) ) TRVDY

CCEF2=Cor oy

REST & 70CFOUVO(ALKEA/VE2 ., 00DETA/VIS243,00GAMMA/VE®Ie A, 0sDELTAZVE S
1)

XOPRES=rS/(CCEF I -COEFD)

RETURN

ENC
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QINP 1L mALLE MOBEOR 20D ;
FURN T ION RACURLLIALUP,00) H
CONMORZA) *RGaPL oM DL s BN CaUPHEACPHER CPIEL L PNCD L BRA +008,00¢C BNAL
Vo PARG
DENY o L, O PIRERA ) SOR/ZDLOLLAL INIZLPIR) 1001 L elEN) )

ERTHS (0 PIOEQ)SUNGIBLINIZLIEN=1OI0ULIOILIROR)ZIBLIB) IO LEN140)
VAENY L. )

KCat OLENIR)ZIPL ORI IEOLER =1,0)/702,00tND))

RACCEL- - 1aBOUSSLOL N 0=/ Yo 10CCHIZINOL L U~U/CC I IENTHOL )00/ CC) 2L
ARG O 12€CH 00N NPCC

NETUNN

[ X 1]

SINLOA GPL Y 04/10700
SINLDN ARL BTV Casinsan
SINLDR APRATY

SIMLER MIVEDC GMLOY binary gesiasen
QINLON Yaul MG dechk

SIMLCR VCNARY

SINLUN mULLY

staLon E LYY

StHR YL SPACEN  NECPCOR,NCL
SUBRDNUT IR APACELCNLAY J N R, CH)
IFLENCPY LE L1 0L=-2)0LD TO o
KIOe ALCCIOLEADLPY S0 De0) "),
IPIRICet 04000 YO D AN
IC»RIC~1.0
Gt 10 e\
ive tDexic
IPLIOWGE L1 DGE T 30
Ol (RAFADATOLU Q0L LI=1D)
KRe | XR¢ |
ARsuR/Y 000 1-10)
TR{IRR Lo 2V)G0 TU a6
DRe | RAs/gN
DasRZFv Ot L-10)
QC T 1)
J6G) OXs) 0/),000()-10)
GC YO 1) ;)
300 TMR«FR{RIZ1D.000(10C~-))
[UTER § TR
AR=RRAS] ' Ooe(1C~})
IPLIRRLLL20IGO TO 130
OXs | XA/,
OXspDAS V00O (IL=1)
GC e i)
L90 Lul 00100000 )-})
oG o iy
68 wRITE(GVe 7))
OF FURMAY{LHLI//77104,40H THE EADPL 1 IS TOO SWALL FOR THIS SUBROLTINE
1)
LIl RPTUNRM i
EAD .
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For eavh bubbile collapae, informatton must be rend th on data cards

in the following way:

Lapd )

Cola
Cola
Cols
Cola

Coly

Cols

Cols

Cols

1-10
11-0
21-%0
M40

41.80

51-60

61-70

71-80

Card 2

Cola
Cols

Cols

Cols

Cols

Cols

Card

41.55

$6-70

71-8C

3

Cols 1- 9

Col

10

collapae depth (n feet of water,
initial aphere radius in inches,
inttial internal gan preasure in pat,
inttial temperature in degrees Rankine,

)
the Beattie-Hridgeman conatant Ao in Qiggrtﬁ-.
mole

3
a N ‘-!.
the Beattie-Bridgeman constant no in ey P

3
ft
the Beattie-Bridgeman conatant a in e,

A )
. It
the Beattie-Bridgeman constant b in wole"

3 A
the Beattie-Bridgeman conatant c¢ in ﬁ%y; oR )

A, the first constant in the ideal conatant
pressure heat capacity equation,

B, the second constant in the ideal constant
pressure heat capacity equation,

C, the third conatant {n the ideul constant
pressure heat capacity equation,

B, the fourth constant in the ideal constant
pressure heat capacity equatjon,

the name of the gas inaide the sphere,

blank.

1, 2, or 3 if plotting routine is incorporated in
program; otherwise, blank.

1 for printed output only.
2 for plots only.
3 for printed and plotted output.

64

R0, 4
t10.4
k10. 4
k10,4

k0.4

Fi0.4

F10.4

F10,4

E15.4
F10.4

Bl5.4

E1S.4

E15.4




g

Colm 11-20  the atandaff in Inches,
Col: 20-40  the critical preasure of the gus in pai,

Cols 41.58 the critical temperature of the gas in

degrees Rankine,
3

Cols 56-70  the critical volume of the gan in £%TT‘
Cards 4 through 10 contain graph labels., If no ploty are deaired
(i.e., if the number appearing in Col 10 of Card 2 ix }) or if
the program is not being used at NSRIX, then these cards must not
be included in the data,

Cols 1-48 Main graph title for all grapha.

Card §
Cols 1-30 Horizontal graph label for all graphs
(time in milliseconds),

Cols 31-60 Vertical label for radius-time curve
(radius in inches).

Cols 1-3¢ Vertical label for wall velocity-time curve
(wall velocity in inches per second).

Cols 1-30 Vertical label for bubble wall pressure-time curve
(wall pressure in psi).

QQrd [ ]

Cols 1-30 Vertical label for migration-time curve
(migration in inches).

Card 9

r1s.5
FI8.5
IR

F1S, 8

Cols 1-30 Vertical label for Eulerian velocity-time curve at the

standoff given on Card 3 in Cols 11-25
(Buleriun velocity in in/:ec).

Caxrd 10
Cols 1-30 Vertical label for ovarpressure-time curve at the

standoff given on Card 3 in Cols 11-25
(overpressure in psi).
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Two Ylank carda in succession atop the computer,
more than 4 winutes running time,
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APPENDIX C
COMPUTER PROGRAM BASED ON THE IDEAL GAS LAW

The computer program RUO2 has been coded in Fortran IV to determine
numerically the bshavior of a collapsing gas filled cavity in 'iqnid when
the gas obeys the ideal gas law. The program is listed on the following
pages. A Fortrsn IV or a binary deck is obtainable in the same way as a
deck for RUOS; either through the NSRUC Applied Mathematics Laboratory, or
by means of the listing and instruction comment cards therein, If the
program, as listed, is run on the NSROC computer facility, then no option
between printed and plotted output is available, Output is always both
printed and plotted because the plotted output may be in error. The
numbers labelling the vertical axis can have no more than 6 digits, other-
wise digits are dropped from the right hand side of the numbers. Since the
pressures can be expected to exceed one million psi, it is advisable to
check the printed out-put against the plots,




S18FTC RUJ2
laTITLEX(2) s LATLEVIS Lo TATAL L) atAW 00,
1014901100119 TAUZE1OUL) YYY 120011 oUUL1001) o TITLEI2D) oTITL(S)
O_REPRODUCED AND USKD ON A QUMPUTER EAQILATY
C OTHER THAN THAT AT NeSeReDeCe ELIMINATE THE NEXY CAND

_._.._hﬂﬂﬂgn.SH&XXJSIlILR*lLlLE!%IJ%LLL.,._J -
COMMON/AC/CLPLIDLIBIENIGIPOIRO

"2/ 1N""G
PArlA.? -
¢ LEACREE —
1 FORMAT(OF12e450F08:5/73E154%)
111e0
al - L1 LY (4 + —_—
CLaCREF#( (PL+B)/(PA+B) )R {(EN=1:0)/(240%EN))
: 2e LENY o e e e e e
UO= {PO=3L )/ (DL¥*CL)
n » apQae » "o 9,0/690)

C INITIAL VALUES

e 0. 0207180 *SURTIDL)SPORE (1007220 )*KY/PLES
SQISL."PQ#QI‘!PL#%I['.!!tN'!oO!/‘BQO'tNE)
HOSEN® (PL+B) /7 (DL®(EN=10) 1 * (({PU+B) /7 (PL*E) ) ## [ (EN=1e0)/ENI=]140)
PO==3,0%G#PO* (UQ/RO
HOw . + +8))*%{1,0/EN)
Re DR & Q®RQ ) Q#CO~ {CO~UQ ) +HO# (CO+UO) Z{RO*® (CO=UD) )+
1DN0/CO
D§Q'CL‘!EN-1-°).DPOIlg;o‘ﬁN'(PL#E'"((9L¢U)/(P0*U)l..((EN*I.O)/ZOO
1*EN)

_ DRPO=3,00GEPO/RO®{YOR®2#(3,0%G4],0)/RO~DDRO)
NDHO=DOPO/DLM L {PL+3 )/ (PO+B) 1% (1 ,0/EN)=DPORS2/ (EN*DL*IPL+B) ) *{ (PL+
}g!E!PQ¢n!Eﬁoa(EN¢§iU£15N)
L¥ I 0 U=de & LCO=UL I +DDROR (VURY= - +

JUO##2/ (24 0#RO) # (DORU=3 ¢V #DCO )/ (CU=UO) +DHO/RO* (CO+U0 ) / ( CU=UO ) +HO/RY
2% (DCO+DDRO) /7 (CO~UO) +DHO/CO® (DCO=-DDRO) 7 (CO=L'0 1+ ( (UO¥DHU+RO®DDHO 1% C0

_3-RO*QHO*DCO ) / {RO*CO##2 )
DOCUS~CL# (EN=1e0) *(EN+1+0) ¥OPOR2/ (2. OREN® (3L+81 ) ## 2% (PL+B)/ (PO+E

l))OO(#S.O'QN*IoOl/(2o0’£N))4CL'(EN'1-O)‘DDPUI(Z.O'tN'(PL+B))'(lPL+
7TPO+B) I¥BT(EN+1,0)/(2.0%ENT )
—— 00N

PQ=3,0GRPO/RO*{390% (3sU*G+1e0) ¥ UURDORU/RO=(32U*G+240) % (30Q#G+
1140)%UG##3/RO*#2-DDDRO)

DOD!10=DPOP #((PL+B)/(PU+B) ) ##(140/LN) =3+ 0G*DPORDDPO/ (EN*DL* ( PL +b
1) )% ((PL4BI/ PO+ 1#® ((EN+140)/EN)+OPO** 3% (EN+140)/ (ENF#2#DL#(PL+D)

*% * & (1] » +1 N}

DODRO® (6 O¥UO#DDRO##2~4 o« ORDDRO**2#CuU~5 « 0*UQYDCDORUFCU-8 ¢ O¥UQG® DDRUW
10C0) 7 LRO#* (CO~UO) ) +{3+0*DDRO*DDDRU=DOKOFDDCU =2« 0#DDVRU*DCO ) / { CU=UU)
24 (34 SPUQ## 2#DDDRU=1 « 5#UO#*# 2#DDCU+VDHU*CU+2 ¢ O #GHO*DCO+HC*DUCO) 7 (RO¥
3(CO=UQ) ) ¢ (HO®DDDRO+ 3+ O*DDRV#DHO+ 3 ¢ 0#UU#DDHU+RO*DODHO ) / (RO ( CO=UV ) )
#= (35 0PUOWDDROWDHO+32 «0# UOR ¥ 2 ¥DDHO+2 « 0 *ROFDDRO®DDHO+RO¥UO¥ DODHCFRO¥D

. RO#CO# (CO-UO) ) +({ 2 QRUO*#2#DHORDCO+2 « DRROMDDRUXDHU#DCO+
62 « 0RO #UO#DDHO #DCO+RO*UO*DHO*DDCO 1 /7 (RO*CO## 2% (CO-UO ) 1 =2 4 O#UO*DHO*D

JCOnM2/(CORNIN(CO~UQ) )
DODCORCL#(EN=1eQIW(EN+LoV IR (3,0%EN+140)%DPOREI/ (2, 0%EN#(PL+8) ) #a3%

14(PL*B"(PO+B))’.((5u0‘EN*100’/‘200'EN)’“3.0'CL'(EN'1|0)*(EN*IQOL:_

* O/ (2.00EN®R(PL4B ) ) Ru2%((PLSB)/7(PO+B) )% ({3, N+1e0)/(2e0%LN
3))+CLR(EN=120)®DDOPU/ (2 OREN® (PL4B) ) #( “‘1(_.4‘5)/“90*8) )R (EN+160Q)/ (2
4e0REN)

PO=R3 o QRGRPO/RO* (=640 (I eU*G+] Q) *(300%0+2e0) HDOUROFYU R /RUNR 24
13,0#(3,0%G+1¢0)*PDORO##Z/RU=DDODDRO+I 0% (3 e0%0+1e0)#(3,08042,0)%((+]
200)HUORRGL/ROM%I+4,0%(3e0%#0+1,.,0)*#UU*DDDRO/KO)

DDDOHO=DODDPO/DLR( (PL+B) /7 (PO+B) ) ## (1 ,0/EN)=(4,0%DDDPO*DPU+3.0%DDPU
1#82 ) /{EN#DL*(PL+B) ) #({ (PL+U) /(PO+B) ) # % ( (EN+1e0) /ENI+6s0# (EN+1.0)20DP
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209820DDPU/ (EN®S20DL® (PL4B)##2) & ( (PL4B )/ (POTH) ) ## (1 2oOREN+140) 7EN )=
Rage * L1 LLCEN®SNSDL" (PLeG)#OD)O( (PLepI/IPQrR) LY
4# ({3,0%EN+140)/EN)
__DDODYO® {~13.+0%DORO#DPDROFCO=12 40 #DVRUS #24DLQ=6 ¢ 0® YUSDVUDURU#CU—]5 o
T#UO®DDDRO® DCO-12 ¢ 0¥ UO® DORURODCO=3 « 0#KO*DDDORO#VCU=3 + 0#RO*DDDRO*LLC

iO#RO'DDRUOgDQCUOE.S'REODDDRUOQQ*Q.ginoﬁugkg'ugﬁgku-é.b'ggiﬁdiuﬁuﬁu
+6. LY ¥ S Q LY YY L IVNI X F] DUORQ+LVLUMHURCU+ 3
i’isﬁGaEg“a“g'gg&g*ﬂg’ggggc*“o‘ DOLK #“oU’DDQEQ:Q%Q!%&%:QQHQQQQ%Q*ﬁ
. -3 CO~4e VRDLDRORDHU/CO+9« Qe DL R
% - *»| »

———$20€0/CQ#*2 4RO DDDDHO=7 + O#UY *DDRYRDHU/CU=200SUOR® ZODOHOLCO+60 ORYY_
Te#20DDHORDCO/COME 23, 0#ROYDDDRO*DUHO/CO~3+ 0#RO*DDRO#DDDOHO/CO+6+0#R
* L * [ P % # + * * * *0¢C % 29

04D RN 24DHORLDCO/LQORE2 -6 0RUOHR2RDHORDCORR2/CORRT+3 4 OPRORDDVRO*VMO
———120C0/C0u82+3+08RY SDOROSPHONLOCO/CULEZ=00BHOBPDRONDHOSDCORSZ/COBRS
2+ 3+ 2*ROMUQRDDHOLDCU/COR #2640 RRURUOHVDHORDCOR#2/ CURRI+ROMUOHDHO ®V
:nn:ﬁ“ Q..z-ﬁ.QQB‘IQHHGP‘H“QH‘QGD‘K“‘C“!!: Qh LQ.’.BQ.M'IZHSZ’QC!!“HSQ"Q
4-RO*DDDDRO*DHO/CO ) 7 (RO*(CO~UQ) )
1=
DO 10 I=lesé
1!4l!}i-RQ+QQ'T*QDRO'Y"312oO+T'DDDRU'T"§16-OOT.“Z'DDDDROOT*'ZIZQ
1e0+T#8300DDDOUCHTH®2/1204.0
=UO+DDRO*T+DDDRO*T##2/2 0 0+ THDDDDRO#THN2/5.0+T##240DDDUORT ##
12/26.0
sPQ® "N {3 08

(4N ceL(y 01)oYY(T02)eYY(143)sYY(I0a))
XX(Y)=T
10 TaTe
El'vv,ipl)
s o1y
R3sYY(3,1)
LI AZETRY)
UlsvY{l,2)
T UeRYY(deet
I T ZE T
UbaYY(h,e2)
DUlwYY (1939
- »3)

. )

"""g8%=¥¥%é%§:
UP4e

‘QFI?#:

(L LIV

DésR4

=4
Ti5 lelel

‘%0 L=0
UPSeUl+4,085%( «O®DUA=DU3I+20%DUZ) /30
sR)+ *S & BUG=UI+20%U2) /30
23 OD=» ©]112:0%{UP&4~=C4)/121.0
DODSRP5=112,0%(RP&4=D&4)/121,0
. OY¥a13,0%G)
CALL ACCEL (DQD2COD+DCODPOD)
[] . - ol . - PY*)
D58 {9.0#R4~R2+3:(#S#({COD+2:0%U6-U3)) /8,0
ads - eLTeleU)OVU TV <10
260 UP3=C549,0%(UP5=C5)/12140
L] . =-D3) 1.0
stel

’ 14 [}
C HALF INTERVAL PROCEDURE




400 $¥$,2.0
— . ROMH= (802 U*RG+135 Q¥RI*4 U O¥NRL+R]1) /2D o V+SR({=1D5e0%LjG+70Q0%#UI+]5.0%
r i 121712840
4 R3MH'1L2)O“R~*13500’R3*108QU‘%3+K1)/23600*5'“3.0‘U0‘b“00'U3*3700.
| 1U2)7128.0
' UOMHS (8040% 4+13500%U344Ue0*U2+UL)/25600+5%(=15e0%DUG+90.0%DU3+15
. ; T0%DU2) 7128V
$ ' UBMHE(12,0%U6+1350%U3+108.0%U2+U1) /25640458 (~300#DUL~540%DU3+27,
| : 10#092)/128.0
—R1sRAMH
R2=R3
n3sR&MM .
Ulsy3IMH
! i ‘y2=ys
' ! U3=UaMH
: PHSPO® (RO/R1)I##(3,0%G} _
! CALL ACCEL(R2+UlsDULsPH)
=Dii3
PHEPO* (RO/R3) ##(3,0%G)
CALL ACCEL(R32U2:0U3:PH) .
LsL+l

1 ] [F{LelTo10IWRIT 75) .
i : 75 FORMAT(S8H THE gaocess IS NOT CONVERGING @UICKLY ENOUGH AT SOME ST
: 1EP )
&O TO 700
1 C _CALCULATION OF FINAL VALUES
: : 210 YY(192120549.,0%(LP%C5)/121.0
{ 500 YY(19]1)mD5490%(RP5=D5)/12140
: YY (! 04 )aPOR(RO/YY(191)) %8 (3.0%G)

4 § SAL* ASSg*!YYfl.l).YY(IOQ)OVY(IO310YY(104))

E : XX(I)eXX(I=1)+S

: IF(1GT0999)G0 10 7

C RELOCATE CERTAIN QUANTITIES FOR THt NEXT STEP OF THE INTEGRATION

Can(d
D4=D5
UP4=UPS
4 -
; ‘ R1l=P2 -
1 R2=R3
R3=R4
RasYY{1s1)
1202
T uz=u3
. , Ylsyé
1 _ Ute?Y(T92)
bul=DuU2
DU2=DU3
apUs
OUA=YY(1+3)
715
77 9 Jslsl
YaVYY(Js ] )#YY(Je2)®#2/2604YY(J0)1 )P (VY (Jo&)=PL)/DL®{1e0(YY(Js&)=PL)
1702 0%0L8CL42)) ,
XKS(CLOEN2/YRBO ) RCLAYY(Jol )N RYY (Je2)8(]1e0=YV(Jo2)WW2/(2.08CL%2))
1-CLR#2%YY(Je))/Y#(10=YY(Jr2)/CL)
sY/(CL*STF ) +XK/ (CLOSTF o2 0 (Y/CL)*##2#(1.,Q-Y/(CLO®#SSTF)+(XK/CL
118028 {Y/CL)#RL/(2.0%STFR#GBCL402))

Tasphery o

R e

et gt

A

RORP——

A

s » + * ") *u20 - I 1y¥L
1 #(XK/CLINN2B(Y/CLINNL/ (2%STF2R848CL4R2) )
u=utJ)
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YY(JoS)mOL#(Y/STF=UR2/2,0)+DL/(2s0%CLAR2 ) #(Y/STF=URRL/2,0)%%*2
UsU'i(.))
YYY{J)SDLH(Y/7S5TF2-URR2/2 4 ) +DL/ (2 HCLRR2 )R (Y/STFR=-URR2/24 ) %2
TAU(J) =XX(J)+(STF~YY(Jol} ) /CL*(1e0=YY(J92)%#YY(Jel)/(CL#*STF))
TAU(J)BXX(J)+ISTF2=-YY{Jrdl) }/CLR(1a=YY(Jr2)#YY(Jel)/(CL#STF2))
= *
JF(TAUGJ)eLTe TAU(J=1)) 111=y
TAU2(JI=TAU2(J) %1000,
9 XX(J)=XX(J)}*]1.0E3
WRITE(6316)HIROYPOSGBeENsDLREF9STFeSTF2 —
16 FORMAT(1H1//777/777710X942HGILMORES SECOND ORDER APPROXIMATION FOR
1A »F6e0y12H FOOT WATER //11X921HOEPTH IMPLOSION OF A ¢F541932H IN
2CH RADIUS Srivcne + anibl TO A //QA3i2HPRESSURE OF oFbede37H PSI Wl
3H A GAS WHOSE GAMMA VALUE IS »F6e3//9Xe36HBs Ne AND DENSITY OF THE
4 LIQUID ARE sFBe095H PS1 oF6s395H AND //9X9E1Ueé932H LBS=SECH#¥2/ [N
S5%#4 RESPECTIVELYe s14HSTANDOFFS ARE sF6e298H IN ANV oF6e293H IN)
IF(111eGTe0) WRITE(6s18)TA VIS Ny
18 FORMAT(1H //////7/10Xs72H NON-UNIWUE-VALUES APPEAR FOR STANDUFF Tl

IMES IN REGION PRECEIDING TSTF1lssFBe5s10H MILLISECS )
WRITE(6s11) (XX{J)oYY(Jodlo¥YYiJ0Z)aYY(J93 )oYV (Jr&)oTAUIJ)sYY(J9s5)o
LUGI ) TAU2(J)sYYY (J)sUU(J) s dale])

11 FORMAT{123H1 TIME RADIVS WALL VEL ACCEL WALL PRES
1 T STF1 P STF1 U STF1 T STF2 P STF2 U ST

ol £35H VALUES IN MILLISECS, 1PSy AND P$1.
9 1777701 %9F9a69FBe51EL13e50E13e¢59t12099F1lebobll2ebrbElledts

3 F10.6o512.1u£12.4/l)
H OGRAM BEIN E U V) MPU ACILITY
C OTHER THAN THAT AT NeSeReDeCo ELIMINATE ALL CARDS BETWEEN THIS CARV
C AND THE NEXT COMMENT CARD WHICH READS - END UF PLUTTING KROUTINE -~
DATA SCALE/GHLINEAR/
XLsDe60
CALL SPACE(XX(I)oXR»DX)
DX=2.0%DX
Y2MAX=YY{1e2)
Y2MIN®YY(142)
YOMAXEYY (194}
Y5MAX=YY(145)
YSMIN=YY(125}
UMAYsU (1)
UMI*ay(l)
DO 80 N=1,1
YY{N»3)sU(N)

“TF(YY(Ns2)eLTeYZMAX)IGO TO 81
Y2MAX®YY({Np2)

B1 IF(YY(Ns2)eGToYZMINIGO TO B2
Y2MIN=YY(Ns2)

BZ TF(YY(NyG)eLT.Y4MAXIGO TO B3

YOMAX=YY(Ny&)
B3 TF(YYIN:BIeLT-YOMAXIGO TO B2
YSMAXEYY(N+5)
23 )eGToe 50
YSMIN=YY(N¢5)
N1eLToYOMAX)OOTO85S
YSMAXSYYY(N)

olTe >
YSMIN=YYY(N)

V] ek T ol

UMAX=U(N)
oOT e ) X
UMIN=UIN)
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87 IF(UUIN)«LT<UMAX) GOTO 88

88 IF(UUIN)«GTeUMIN) GOTO 80

80 CONTINUE

READ(S5+76)BTITLE(1) oBTITLE(2) oBTITLE(3} oBTITLE(G) oBTITLE(S)»aTITLE

CA P YTs0Y
1 BTIT
76 FURIIAT(10A6)
—D L]
DO,  TON=1+5

20 TITLEXIN)sTITL (M2

SEC3*6H

DATA(TITLE() 9J=1925)/76HRADIUS+6HIN IN »3%6H

s6HVELOCIT»

LJOHTY IN S6HINCHES6H PER S96HECONU »s6HWALL PobHRESSURIGHE IN Py

26HS1 r6H

yOHEULERI] » 6HAN VEL»6RHOCITY

s&HIN IPS»6H

——A6HOVERPRSHESSUREs6H IN PSeOHI ~  g6H = 7 —

0OT1 MI=1,5
71 TITLEV(MI)=TITLE(MI)

CALL GPLOT(SCALE 13 [v0sXLoXRs0eQ@sYTsDXsDY)

P {Y2MAX YT 2DYT)

Y2MIN=~Y2MIN

CALL SPACE(Y2MINsYBsDYB)
YB==YB

DY=AMAX] (DYBsDYT)

D072 MI=1,e5
IIsMI+5

T2 TITLEVIMTY=TITLECTT)

CALL GPLOT(SCALE 929 IoOs XL o XKseYUsYTsDX DY)

CALL ACE(Y4MAX YT »DY)
D073 MI=1,5

II=MI+10
73 YITLEVIMI)=TITLE(I])

ALL LOT(SCALE 249 1909 XLsXR30eQsYTsDXsDY)

SALL SPACE(UMAXeYT,0DYT)
UMINs—UMIN

ZALL SPACE(UMINsYB,DYB)
(4 - Aok

DYsAMAX1(DYBDYT)

DO 5% Nsll
YY(N9e3)sU(N)_

55 XX(N)sTAUIN)

—— ASAMAX](TAUCI)2TAUR (1))
CALL SPACE(AsXRsDX)
D‘IZ-Q.DX
DO74 MI=),5
1i=M[+1%

T6 TITLEVIMINSTITLEC(ID)
[

00155 Nslsl
YY(N+3)sUU(N)

XR

Y)

15% XX(M)=TAU2(N)

CALY GPkOY(SCALEo3|levKLleoYBrYloDloDY)
LL S (YOMAX s YT oDYT)

!iﬂlﬂ"ﬁ
CALL SPACE(YIMIN,YB.DYB)

DYSAMAX] (DYBsDYT)
171}

196 XX(NISTAUIN)
DOTT MI=]1,5
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[1=M1+20
77 TYITLEVIMYI)sTITLE(L])

CALL GPLOT(SCALEsSolsl oXLuaXRoYBsYTeDK4DY)

DO56N=1,1

YY{(N+»5)sYYY(N)
56 XX{N)=TAU2(N)

CALL LOT(SCALE 39192 XL oXKsYBsYToDXsDY)

C _END OF PLOTTING ROUTINE

20 70 22
999 5T10P

ZND
$I1BFTC ACCELS

SUBROUTINE ACCEL(RsUsDU»P)
COMMON/AC/CLIPLIDLIBIENIGIPUIRO

C=CL*((P+B)/(PL+B) ) **#((EN~1e0)/(2.0%EN))
I WL N *DLI*(((P+H)/(PL+B) )% ((EN=L1Q)/EN)=100Q) -

CPu=3,0#G#PORU/R#* (RO/R)#¥(3.0%G

}

RH=DP/DL#((PL+BI/(P+B) j*#(1:0/EN)

DURURR2/ (2, 0%R)#(U=3.0%C)/{C-U)}+H*¥(C+U) /(R¥{C=U} ) +DH/C

REYURN

END
< ACES NODECK»SDD

SUBROUT INE SPACE(ENDPT»XReDX}
- v

XIDALOGlO(ENDPT#1000.0)-3.0

JEF{XIDeGEWD.0iGO TQ 114
ID=XID=140
QO TQ 6]

116 10=X10D
IF(30sGE+])GO TO 366

61 IXR=ENOPT#10,0%#(1~]1D)
XRs [ XR+]

XR=XR/10s0%%(1~]D)
_ JF(IXRelLE20)GO TO 361

DOx=YXR/20
DX®DX/10s0%#%(1-1D)

GO T0 111
361 DX=%140/1000%#(]1~1D})

GO 10 111
366 IXR=ENDPT/10e0#=(]1D-1)

XR= ] XR+1
XRsXR*1040##(]D~]1)

IF(IXReLEs20)GO TO 136
DX=1XR/20

DXsDX#10s0#%(1D-1)
GO 10 111

136 DX=1.0%10.0%*%(1D-1)
20 10 111

68 URITE(64+67)

67 FORMAT(1H1///10Xs46H THE ENUPUINT IS5 TOU SMALL FUK THIS SUBKUUTINE

1)

111 RETURN . i )
END ' T i

$SIBLDR HOLLV HOLLOUUY
STBLOR PLOYV L U

$IBLDR VCHARY — .. ¥CHADOOO

STBLOR TABL1Q 10770765 TABLOUUY

$1BLDOR RITE2Q RITLUOUU

$TBLOR APANTV
$1BLOR APLOTYV

6/15/6% AFRNUULU
10/0476% APLUOOLO
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Ind

For each bubble collapse, information must be read in on data cards

in the following wuy:

Card 1
Cols 1-12 collapse depth in feet of water, F12.5
Cols 13-24 initial sphere radius in inches, F12.5
Cols 25-36 initial internal gas pressure in psi F12.8
Cols 37-48 the specific heat ratio v for the gas F12.5
inside the sphere, )
Cols 49-60 #1 standoff in inches, P12.5
Cols 61-72 #2 standoff in inches Fla.5
Cols 73-80 the value of n, the exponent in the equation of
state for the adiabatic compression of the F 8.5
liquid
Card 2
Cols 1-15 the value of B in psi, a constant in the equation
of state for the adiabatic comprossion of the E15.5
liquid,
Cols 16-30 the density of the liquid in lb-secz/.in4 at E15.5
standard temperature and pressure, )
Cols 31-45 the sound speed in the liquid in in/sec at E15.5
standard temperature and pressure. *
Card 3 contains grvaph labels. Jf the program is not being used

at NSRDC, then this card must not be included in the data.

Card 3

Cols 1-48 Main graph title for all graphs.

Two blank cards in succession stop the computer.

more than 3 minutes running . ime.
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